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Abstract

This thesis discusses the theory and a test procedure for use of a small-scale

medical centrifuge to obtain the soil-water characteristic curve for statically compacted

fine-grained soils. A centrifuge soil specimen holder was previously designed at the

University of Saskatchewan for testing Beaver creek sand, Processed silt and Regina

clay. This previous soil specimen holder was modified and the experimental procedure

was altered to obtain the soil-water characteristic curve for fine-grained soils. The soils

tested during this study were Indian Head till, processed silt and Regina clay. Statically

compacted specimens of the above-mentioned soils were used for obtaining the

centrifuge soil-water characteristic curve as compared to slurried specimens that were

used in an earlier study done on Beaver creek sand, processed silt and Regina clay using

the same centrifuge.

The soil-water characteristic curve defines the relationship between the amount of

water in the soil and soil suction. It provides important information concerning the water

holding capacity of a particular soil at different suction values. Current testing techniques

such as Pressure Plate apparatus and Tempe cells have been generally used to obtain the

soil-water characteristic curve. These apparatuses are quite reliable but require

considerable time.

During this study, statically compacted soil specimens were tested by using both

the Tempe cells and the small-scale medical centrifuge. The time required to produce the

soil-water characteristic curve (within the range of 0 to 500 kPa) by using the centrifuge

was much shorter than the time required by the conventional Tempe cell method. The

centrifuge soil-water characteristic curve was obtained in 24 hours for three types of
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Indian head till specimens (13%, 16.3% and 19.2% initial water content), in 12 hours for

the processed silt specimens (22% initial water content) and in 48 hours for the Regina

clay specimens (38% initial water content). In comparison, the Tempe cell tests done on

the similar three types of Indian head till specimens (13%, 16.3% and 19.2% initial water

content) took 4, 5 and 6 weeks, respectively, to produce the soil-water characteristic

curve within the same suction range.(i.e., 0 t0500 kPa). The Processed silt specimens

took 2 weeks to produce a soil-water characteristic curve using the Tempe cell method

and the Regina clay specimens took 16 weeks to produce the soil-water characteristic

curve using the Pressure plate method.

The time stated above for the centrifuge tests corresponds to the time the soil

specimens were rotated in the centrifuge with speeds of 300 rpm, 500 rpm, 1000 rpm,

1500 rpm, 2000 rpm and 2500 rpm in one single test run. The proposed centrifuge

method can be used to obtain multiple water content versus suction data points (twelve in

this study) on the soil-water characteristic curve in one singe test run, in comparison with

the conventional pressure plate and Tempe cell methods. Thus, the centrifuge method can

be used with considerable time saving for obtaining the soil-water characteristic curve for

statically compacted fine-grained soils. The statically compacted soil specimens were

used to reduce the amount of compression the specimens would experience during

centrifugation due to the increased gravity field. The results obtained by both the Tempe

cell tests and the centrifuge tests on the similar soil, match closely. Therefore, the

proposed centrifuge method can be used to obtain the soil-water characteristic curve for

statically compacted fine-grained soils.
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Chapter 1

Introduction

1.1 General

Soil-water characteristic curve defines the relationship between a measure of the

water in a soil (i.e., the gravimetric water content, 11', volumetric water content, 8" .or

degree of saturation, S) and the soil suction \jf. The soil-water characteristic curve can be

described as the measure of the storage capacity or the water retention capacity of the

soil when the soil is subjected to desaturation by applying various suctions.

1.2 Important Features of the Soil-Water Characteristic Curve

Figure 1 shows a typical soil-water characteristic curve for coarse-grained soil.

The first point of importance on the soil-water characteristic curve is the air entry value.

This value of suction identifies the point at which air enters the largest pores of the soil.

As suction is increased beyond the air entry value, a soil continues to desaturate. The

second point of importance is where the change in the degree of saturation with respect

to change in suction is substantially reduced. Beyond this point, a large increase in soil

suction leads to a relatively small change in soil water content. The water content in the

soil under these conditions is generally referred to as the residual volumetric water

content. The water in the pores at this stage is essentially immobile and as a result

makes a little or no contribution to hydraulic flow through the pores (Huang 1994). The

rate at which an increase in the soil suction contributes towards an increase in the shear

strength also reduces remarkably at this point (Vanapalli 1996).
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One of the main advantages of the centrifuge modeling in geotechnical engineering is

that the deformation and failure processes can be studied and viewed under prototype

stress conditions.

The technical committee, Te2 on centrifuge testing of the International Society

of Soil Mechanics and Foundation Engineering (lSSMFE), is the body coordinating the

worldwide efforts to develop and promote the use of centrifuge modeling in

geotechnical engineering. The centrifuge can be used effectively to model classical

problems in geotechnical engineering such as:

1) dam construction and cofferdam analysis,

2) embankments and slope stability,

3) analysis of shallow and deep foundations,

4) deep excavations and tunneling,

5) underground pipes and anchors,

6) earthquake effects and dynamic problems,

7) contaminant transport and flow problems, and

8) bearing capacity and settlement problems.

The prototype situation related to the building of dikes and earthen dams can be

simulated to reflect the initial stress and applied load histories of the foundation layer. It

allows the study of deformations and failures by settlement as well as erosion. Study of

sheet pile walls (i.e., to measure the lateral earth pressure on flexible structures), can be

modeled by use of the centrifuge.

Problems related to embankment construction and slopes, like the behavior of

soft subsoil during construction of an embankment, failure of embankments due to

5



seepage flows, settlement of embankments, stability of soil slopes, geotextiles

reinforced cohesive slopes and rock slopes analysis, can be effectively modeled with the

centrifuge. The centrifuge model tests can be performed to investigate the bearing

response of shallow foundations. Cone penetration test and settlement of foundations

can be measured by use of the centrifuge.

Further problems, which can be studied using the centrifuge are stability of deep

excavations and tunnels, excavations in soft clay, deformation and failure characteristics

of vertical cuts and excavations. Soil nailing modeling, problems in tunnel lining, pipes

and anchors analysis which includes analysis of earth pressure on buried pipes can also

be studied. Soil structure interaction, pipelines subjected to landslide conditions, uplift

resistance of buried pipelines, performance of ground anchors and analysis of drag

anchors can also be studied by use of the centrifuge.

In the last decade, dynamic centrifuge modeling has emerged as a powerful

technique for studying the seismic response of various civil engineering structures.

Problems such as earthquake effects on retaining walls, liquefaction of sandy grounds

and settlement of structures, assessment of earthquake effects on embankments,

generation of excess pore pressures in saturated sands due to earthquake loading, pore

pressure measurements in shallow foundations, can all be studied through the use of

centrifuge which, makes centrifuge an important tool in the field of earthquake

engineering. The centrifuge can also be used to accurately model the dynamic problems

such as the behavior of foundations in sand with dynamic loading, dynamic soil-pile

interaction in sand, failure of dikes by water infiltration by waves, instability of sand

beds due to dynamic soil structure interaction resulting from blast loading.

6



The centrifuge can also be used as a powerful testing tool for modeling the

transport of contaminants through soils. The advantage of using the centrifuge lies in

the acceleration of the processes in the model associated with fluid flow. The results

obtained are compared, using well-established scaling laws, with the same processes,

which occur over a much longer time period in a field scale prototype. Modeling in

centrifuge circumvents the problem of long term monitoring which is otherwise needed

to observe the migration phenomenon. Otherwise the time period would range

anywhere from ten to hundred years. As the lin scale repository model is accelerated to

ng, the time scale factor for fluid flow is n]. Therefore every hour of data gathered with

a model is accelerated to 100g and corresponds to 14 months of observations in the field

(Arulanandan1988, HensleyI989).

Centrifuge modeling of pollutant transport In unsaturated soils has been

proposed by several researchers. Cooke and Mithcell (1991) have studied the transport

of contaminants in unsaturated media. Modeling of contaminant migration in clay,

groundwater transport of radioactive waste, performance of landfill covers simulation,

study of sedimentation, determination of soil hydraulic properties, moisture migration,

flow of leachate through clay liners can be easily done by use of the centrifuge.

For all the above-discussed problems in the field of geotechnical engineering,

the solution can be easily obtained by centrifuge modeling. The centrifuge has

numerous applications in the field of geotechnical engineering which makes it a

powerful testing tool and which proves the importance of centrifuge in the research

work done in the field of geotechnical engineering.
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1.4 Engineering Application ofthe Soil-Water Characteristic Curve

The various laboratory techniques used to measure the engineering properties of

unsaturated soils are costly and time consuming. Moreover, these laboratory techniques

consist of using sophisticated and specially designed equipments which, makes it

difficult for use by any civil engineer. The unsaturated engineering properties can be

easily obtained using the saturated engineering properties and the soil-water

characteristic curve for that particular soil. This indirect method of measuring the

unsaturated engineering properties is much easier approach compared to the costly and

sophisticated laboratory techniques.

The soil-water characteristic curve IS important to measure the engmeenng

properties of an unsaturated soil such as unsaturated permeability function and

unsaturated shear strength. The soil-water characteristic curve is thus important piece of

information for the analysis and to predict the behavior of unsaturated soils.

1.5 Broad Perspective of the Study

By developing a centrifuge-based soil-water characteristic curve, the potential

exists for the collection of water content versus suction data in a shorter period of time

than when using a conventional Tempe cell or Pressure plate apparatus. The small-scale

centrifuge testing method utilizes the increased gravity field created by the centrifuge.

A specially designed soil specimen holder creates the conditions required to produce an

imposed suction gradient within the soil specimen being tested. The proposed centrifuge

method gives multiple water content versus suction data points of the soil-water

8



characteristic curve in a single test run. The proposed centrifuge method can be used

with considerable time saving for obtaining the soil-water characteristic curve.

In the present study, an overview of the technique to obtain the soil-water

characteristic curve for fine-grained soils namely Indian Head till, Processed silt and

Regina clay by using a small-scale medical centrifuge is made. Accordingly, based on

the laboratory investigations and the results obtained a new faster approach for

obtaining the soil-water characteristic curve has been proposed.

The main objective of this research work is to prove that the centrifuge method

is a faster and an accurate method as compared to the conventional pressure plate and

Tempe cell methods used to measure the soil-water characteristic curves.

1.6 Layout of the Thesis

After a brief introduction describing scope and objectives of the present project

work in this chapter, a review of literature on the relevant topics is presented in Chapter

2. The literature review provides a critical appraisal of the various aspects pertaining to

the centrifuge soil-water characteristic curve and highlights the works of earlier

investigators related to the present thesis work.

Chapter 3 illustrates the theory involved behind the centrifuge testing and

Chapter 4 describes the modified soil specimen holder and the modified test procedure

to obtain the soil-water characteristic curves for fine-grained soils by using the

centrifuge.

9



Chapter 5 illustrates the laboratory investigations carried out. The laboratory

investigations program highlights centrifuge tests performed at different speeds to

obtain the soil water characteristic curves for fine-grained soils.

Chapter 6 is devoted to the presentation and discussion of the results obtained

from the laboratory investigation.

Chapter 7 presents conclusions, which indicate that work undertaken is useful

and can be applied in engineering practice. This chapter also summarizes the

recommendations for improvement of the present work and outlines future work using

the centrifuge in the field of unsaturated soils.

10



Chapter 2

Review of Literature

2.1 Introduction

The soil-water characteristic curve is the relationship between water content and

suction. There are various test methods that can be used for the measurement of the soil

water characteristic curves. These methods can be mainly divided into two types. In the

first type, the soil specimen is brought to an equilibrium condition under a series of

suction values. The gravimetric or volumetric water content is determined from back

calculations for each applied value of suction (e.g., suction table, pressure plate, vaccum

desiccators). In the second type, soil specimens are allowed to dry out progressively and

the suction and water content are directly measured (e.g., the centrifuge method). In the

centrifuge technique, a high constant gravity field is generally applied to a soil

specimen supported on a porous stone column that has a fixed water table at its base.

The literature review in this Chapter will focus on the use of the centrifuge techniques

to obtain soil-water characteristic curves.

2.2 Use of a Centrifuge in Soil Science

Whitney (1892) was the first investigator to use the centrifuge method for the

mechanical analysis of soils. A converted hand separator was used in his studies to

apply a centrifugal force to soil specimens suspended in water. Such separators are

commonly used to separate cream from milk. The applied centrifugal force accelerates

the sedimentation process and decreases the testing time required in comparison to

gravity driven sedimentation techniques. Snyder (1895), Hopkins (1898), Briggs et al.

11



(1904) were some of the researchers from the U.S. Department of Agriculture after

Whitney (1892) who studied centrifuge methods for mechanical analysis of soils.

2.2.1 Use of the Centrifuge to Extract Water from Soils

Briggs and McLane (1907) proposed the term "Moisture Equivalent". It was

defined as "the percentage of water retained by a soil when the moisture content is

reduced by a constant centrifugal force until it is brought into a state of capillary

equilibrium". The centrifuge served as an effective apparatus for this purpose. Briggs

and McLane (1907), proposed to use the amount of water a soil could retain when

subjected to a predetermined centrifugal force as a useful method of comparison for soil

analysis.

Briggs and McLane (1910) later introduced a single test that could be used to

classify soils in relation to their moisture retention characteristics. A centrifuge was

used to extract water from saturated soil specimens. The specimens were centrifuged for

40 minutes at a temperature of 200 C in perforated containers at a speed that exerted a

force of 1000 times gravity. The amount of material used for each soil specimen was

chosen such that the soil specimen would be approximately 10 mm in thickness after the

centrifugation. After introduction of the moisture equivalent test by Briggs and McLane

(1907) several researchers studied the influence of different soil properties on the

moisture equivalent.

Smith (1917) developed empirical formulas to calculate the moisture equivalent

from the mechanical analysis data. The study showed that empirical formulas gave an

approximation of the true moisture equivalent. Middleton (1920) studied the suitability

12



of the moisture equivalent for soil classification purposes. The results supported Smith's

(1917) studies with regard to using the moisture equivalent for indirect soil mechanical

analysis. It was also found that the moisture equivalent was not suitable as a means of

soil classification. Joseph and Martin (1923) undertook studies that indicated that the

moisture equivalent increases with salinity and alkalinity of the soil.

Russel and Burr (1925) examined the moisture equivalent procedure introduced

by Briggs and McLane (1910). Some concerns were raised with respect to the use of a

gravitational force of 1000 times gravity and a testing time of 40 minutes for the test.

Two separate series of soils were tested at a total of 14 different angular velocities

creating 14 different centrifugal forces, to study the effect of changing the gravitational

force. Experimental results summarized in Fig. 2.1 show the decrease in the moisture

equivalent with the increase in centrifugal force for different soils.

Russel and Burr (1925) concluded that the testing procedure introduced by

Briggs and Mclane (1910) best defines the moisture equivalent for soils. The proposed

procedure by Briggs and McLane (1910) was accepted as a "Standard Test Method for

Centrifuge Moisture Equivalent of Soils" by the American Society for Testing and

Materials in 1935. The test procedure is available in the Annual Book of ASTM

Standards, Volume 04.08. The centrifuge moisture equivalent is defined as "the water

content of a soil after it has been saturated with water and then subjectedfor one hour

to a centrifugalforce equal to 1000 times that ofgravity".

13



90

�

I�
I ��
�� r---_

�'- --

\ ��
- -

-

-

� � .. -

'\. <,�
- - - --

.

...

...._ I

-

-

...

1\
-

�
�

..
-

-
�

-

��.
-��

-

-

-

-

-
-_ -

- ..

..

80

70

60

20

10

o

o 200 400 600 800 1000 1200
CENTRIFUGAL FORCE

1400 1600

Figure 2.1 Moisture equivalent versus centrifugal force curves by Russel

and Burr (from Russel and Burr, 1925).

14



2.2.2 Use ofthe Centrifuge to obtain Soil-Water Characteristic Curves

Robert Gardner (1937) proposed a method to measure the capillary tension of

soil water over a suction range between one atmosphere to the wilting point. The

wilting point was defined as the suction below which soil-water extraction by a given

plant is insufficient to balance the transpiration rate demanded of it by the atmosphere

in a specific climatic environment. This value of suction is approximately equivalent to

1500 kPa (Van Genuchten, 1980).

The average wilting point was around 1300 kPa for the nine soils tested. The

maximum value for wilting point was 1800 kPa and minimum value was 900 kPa.

Gardner also pointed out that the amount of water that the soil could hold at any

particular capillary tension was varied for different soils, depending on the texture,

structure and composition of the soil.

Gardners (1937) method was based on the principle that if a specimen of soil

and other porous material were placed in contact and one of the materials was

moistened, water would pass from one material to the other until equilibrium was

reached. If the capillary tension curve had been determined for the porous material in

contact with the soil, the tension for the soil was to be readily found by using the

capillary tension curve. Filter paper was found to be a suitable porous material for this

purpose.

Gardner (1937) reported that plotting the capillary tension curve for the filter

paper was a difficult problem, which involved using different methods for obtaining the

portions of the curve, and then combining those portions to obtain the complete curve.

Filter papers were placed in desiccators to measure the capillary tension curve for
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suction values higher than the wilting point. Gardner (1937) used a centrifuge and

specially constructed tubes in the Trunion cups for measuring the capillary tension

curve covering the higher water contents. Gardner (1937) developed a relationship

between the capillary tension In a soil specimen and the centrifugal force. This

relationship is given by the following equation:

( d\jl ]= rt»
2

d,.
(2.1 )

where:

\jI = capillary potential

r = radius of the centrifuge to any point under consideration, and

(J.) = angular velocity.

The following relationship was obtained by integrating the above equation:

(2.2)

where:

'1'0 = constant tension at the centre of the centrifuge.

Taking two values for the radius, r, and subtracting one equation from the other we

get:

(2.3)

If r: is at water surface (since the capillary tension is zero at a free water surface), the

equation can be written as,

16



(2.4)

Equation 2.4 can be solved readily by substituting the appropriate values for CD, '-' and

Special brass tubes of 30 mm by 180 mm with a solid partition soldered in 30

mm from the bottom were constructed for these determinations. The tubes were

perforated 10 mm above and just below the partition. There was room for a small cup to

hold water above the partition to collect water removed by centrifuging.

The tubes were filled to within 20 mm of the top with quartz sand. The sand was

covered with a muslin disk and a thin layer of soil to provide a good contact. The soil in

tum was covered with a disk of filter paper. The paper to be tested was folded and

placed on top. Stoppers were then inserted in the tubes to prevent evaporation. The

tubes were then centrifuged for about two hours. The filter paper tested was Schleicher

and Shull No. 589 White Ribbon paper. The four soils tested were: two sandy soils,

loam and a clay loam. Figures 2.2 and 2.3 illustrate the experimental results of the

Gardner (1937) method. Gardner (1937) reported that longer centrifuging did not

change the results. It was likely that complete equilibrium conditions may not have been

reached in this time. Gardner (1937) measured the capillary potential over a wide range

of water contents by determining the equilibrium water content of calibrated filter

papers that had been in contact with the moist soil. The filter papers were calibrated by

determining their water content when brought to equilibrium with a free water surface

in a centrifugal field. This proposed method is used as a measure of water retention

capacity of a soil.

17
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The centrifuge testing was used widely in studying the moisture holding

properties of soil since the work of Briggs and McLane (1907). However, no theoretical

basis was provided for calculating the capillary potential using the technique similar to

the moisture equivalent method.

Russell and Richards (1938) improved the technique introduced by Briggs and

Mclane (1907), for measuring moisture retained in soil at a variety of applied suctions.

The gradient of the capillary potential was found to represent the force that balances the

centrifugal force at equilibrium conditions in the centrifuge. Thus, the force exerted by

the centrifuge during spinning was related to the angular velocity, (1), and distances of

the water table and mid-point of the soil specimen from the centre of rotation.

The capillary potential, \jf, was calculated using the equation proposed by

Gardner (1937).

(1)
2

2
(2.5)

where,

\jf = capillary potential

r, = radial distance to the free water surface

r2 = radial distance to the midpoint of the soil specimen

(1) = angular velocity

Figure 2.4 shows the apparatus used by Russell and Richards (1938) for

centrifuging soil with known moisture boundary conditions. The brass centrifuge cup, A

was supported on the rotor head through the use of a removable collar, B.
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(Ceramic cup)

Figure 2.4 Apparatus used for centrifuging soil with known moisture boundary
conditions (from Russell and Richards, 1938).
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A brass cartridge, C, containing the inverted ceramic cup, D, rested on a wooden block,

E, in the centrifuge cup. Four 1 mm holes were evenly spaced around the lower end of

the cartridge at a distance of 50 mm below the upper end of the inverted ceramic cup.

These holes allowed excess water to drain out of the cartridge and maintain the water

level at a known position during centrifugation. A 5mm layer of soil, F, was placed on

the upper surface of the inverted cup. A brass lid was sealed in place with wax to

prevent evaporation during centrifugation.

It was possible to obtain a new set of values for r i and rJ by removing the

wooden block, E, and allowing the cartridge to rest directly on the bottom of the

centrifuge cup and consequently obtain larger values of \jf in equation 2.5. Ceramic

cylinders of four different heights of 15 mm, 30 mm, 45 mm and 60 mm were used in a

similar manner in this thesis work to obtain a higher range of suction values.

In the present work, the distance of the reference water surface remained the

same from the centre of rotation of the centrifuge (i.e., r. remained the same all the

time). Larger suction values were thus induced in the soil specimen by increasing the

speed of rotation of the centrifuge (i.e., from 500 rpm to 1000 rpm after the soil

specimens had reached equilibrium at the speed of 500 rpm). Ceramic cylinders of

different heights were used in the same test run in the present work to obtain two

different points of the soil-water characteristic curve in one test run (i.e., by changing

the value of rJ.). The advantage of using two ceramic cylinders of different heights in

the same test run is that it eliminates the method of obtaining each reading in duplicate.
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Russell and Richards (1938) centrifuge test procedure is summarized below. All

the suction versus water content determinations were made in duplicate. The brass

cartridges were set upright in a vessel containing distilled water approximately 20 mm.

deep. This allowed water to enter the cartridges through the overflow holes and wet the

ceramic cup. A 5 mm layer of air-dry soil was then placed on the inverted end of the

ceramic cup. The soil was allowed to wet up thoroughly for several hours. The

cartridges were removed later from the distilled water and allowed to drain. The brass

lids were then placed on the cartridges and sealed with wax after the water level within

the cup had fallen to the level of the overflow holes. The duplicate cartridges together

with their respective centrifuge cups and collars were then carefully balanced.

A uniform centrifugation period of two hours was accepted by Russell and

Richards (1938) as being sufficient to reach a substantially equilibrium water content.

The influence of the duration of centrifugation upon the water content of the soil is

shown in Fig. 2.5. It can be seen that after a time period of 2 hours the change in the

water content is negligible. The cups were removed and water content samples were

taken immediately to prevent the specimens from rewetting after the removal of the

centrifugal field at the end of the centrifugation. The water content samples were then

weighed, dried for 16 hrs at 110°C, reweighed, and the water content calculated on the

oven dry basis in the usual manner. These water contents were plotted against the

corresponding values of the capillary potential. Figure 2.6 shows the soil-water

characteristic curves for four soils tested. Points lying between 100 kPa and 1000 kPa

were determined by centrifugation.
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The moisture equivalent for the soils was determined as 50 kPa, 36 kPa , 37 kPa

and 45 kPa ranging from left to right respectively. Extrapolated values of the moisture

content at 1550 kPa were found to be in good agreement with experimentally

determined wilting points. Russell and Richards (1938) proposed that more satisfactory

equipment would allow direct determination of wilting point by centrifugation. A

design of new cup was reported in progress which would allow obtaining the entire soil

moisture or desorption curve on a single soil sample whose field structure had been

undisturbed. A spring device was to be used to raise the soil sample off the porous cup

as soon as the centrifuge stopped, thus preventing the sample from taking up moisture.

It was also reported that differences in packing would exert a greater effect on the

curves at lower pF values.

Russell (1939) introduced some modifications in the method through the use of

two buckets. Figure 2.7 shows the two types of centrifuge buckets used in the modified

method. While Bucket A, of the original design was used for pF values below 620 kPa

(pF 3.8), Bucket B, was designed for obtaining data up to 1750 kPa (pF 4.25). The 3

inch brass bucket B, was hung from the centrifuge head by the removable steel pin E.

The Steel Pin E, passed through holes cut in the 55mm cup B. The water level was

maintained at a constant height by the overflow ring marked A. The soil specimen was

held on the porous cup by a narrow aluminum ring C. The modifications introduced

facilitated in studying the sorption curves between 60 kPa (pF 2.8) to 1550 kPa (pF 4.2).

Four Iowa soils were tested using this equipment. The centrifugation time required to

attain the moisture equilibrium at 930 kPa (pF 3.98) was investigated for Marshall Silt

loam and Clarion Sandy loam.

26



14.2 em
11.5 em

19.6 em

1 25.8 em

Free water surface

Axis of rotation of the centrifuge

Free water surface

Figure 2.7 Centrifuge buckets used in studying moisture sorption curves by

centrifugation (modified from Russell, 1939).
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The test speed used was 1800 rpm. The centrifuge was stopped after a fixed time

period and the soil sample was weighed. The soil specimen was then kept back and

centrifuged again at the same speed. This was followed for a period of 32 hours during

which the samples were weighed several times. Figure 2.8 shows the rate of change in

moisture content of soil samples centrifuged at 935 kPa (pF 3.98). The curves were

corrected for evaporation losses.

Russell (1939) indicated that with the 55 mm porous cups, 8 to 10 hours were

required for centrifuged soil samples to reach equilibrium water contents at 935 kPa (pF

3.98). The earlier work (1938) indicated that equilibrium water contents would be

reached in 2 hrs at 210 kPa (pF 3.33) using centrifuge bucket A. Thus it was proposed

that for higher suction values the centrifugation time required to attain the equilibrium

was higher.
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28



Different techniques of using small centrifuges to establish pressure-saturation

curves have been known and used for a long time in the Oil Industry. Small centrifuges

have been used in slightly different manner to establish pressure-saturation curves for

over 50 years. Centrifuge was used as early as 1945 to obtain a relation between

capillary pressure and saturation for small, consolidated core specimens.

Before 1945, the measurements of capillary pressure were made by allowing a

column of sand saturated with liquid to come to equilibrium by Gravity Drainage and

subsequently determining the saturation distribution in the column by cutting it into

sections and separately measuring the saturation of each section. The method was

derived by King of the u.S Geological survey in 1897-98. In equilibrium, the pressure

gradient in liquid was determined by the density of the liquid and the acceleration due

to gravity. Thus if the level of the free liquid surface where capillary pressure was zero,

was known, the capillary pressure at any point in the column at which the saturation

was measured was calculable. The difficulties with the method of Gravity Drainage for

measuring capillary pressure arised from the small value of the acceleration due to

gravity at the surface of the earth. Thus by means of centrifuge it was possible to easily

obtain accelerations several thousand times gravity.

Hassler and Brunner (1945) used a centrifuge method to obtain the relation

between capillary pressure and saturation for small, consolidated core specimens. The

initially saturated core was centrifuged at increasing rates and the average saturation

was measured at each rate with the aid of a stroboscope device. Figure 2.9 shows the

capillary pressure and saturation curves for a permeable sandstone core obtained with

29



20000

30000

L

1 �

��
\
,

- \.

... �
-

-\

"'- ,..,

�"
-

"-r-.
"""

<,�

....
-

<,
. '" -

I
-

-'"I -

\_
�\

-

-

.

o

o 10 40 10050 60 70 80 9020 30

DEGREE OF SATURATION (%)

Fig. 2.9 Capillary pressure versus degree of saturation curves

(modified from Hassler and Brunner, 1945).

30



the centrifuge. Hassler and Brunner also pointed out that the problem of cavitation was

not encountered in the core specimens even though capillary pressure higher than 100

kPa was measured.

The manual of Petroleum measurement standards of American Society for

Testing Materials (ASTM D 1796), second edition 1995 describes the centrifuge method

for determining the water and sediment in fuel oils. The principle of the method is that

if equal volume of fuel oil sample and water saturated toulene are placed in each of two

cone shaped centrifuge tubes. After centrifugation the volume of the higher gravity

water and sediment layer at the bottom of each tube is read. The sum of the two

volumes is the water and sediment content of the sample.

Croney et al. (1952) described in detail various methods available for

determining the relationship between suction and moisture content for porous materials.

Table 2.1 summarizes the methods available and the approximate range of suctions over

which the methods could be used.

Table 2.1 Methods ofmeasuring moisture suction (modified from Croney et al. 1952)

Method type Name of the method Range of Suction

Direct methods Suction plate 0-100 kPa (0 - 3 pF)

Tensiometer 0-100 kPa (0 - 3 pF)

Centrifuge 100-3000 kPa (3 - 4.5 pF)

Pressure membrane 10-1000 kPa (0 - 4 pF)

Consolidation for 10-1000 kPa (2 - 4 pF)
Saturated clays only.

Indirect methods Freezing point depression 100-10000 kPa (3 - 4 pF)

Vaccum desiccator 3000-1000000 kPa (4.5 -7pF)

Sorption Balance 3000-1000000 kPa (4.5 - 7pF)

Electrical resistance guages 100-1000000 kPa (3 - 7 pF)
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Schofield (1935) introduced the pF scale for expressing the suction of held

water. It was convenient to use a logarithmic suction scale to cover the wide range of

suction for the relatively dry porous materials to the saturated materials. The suction

was expressed as the common logarithm of the height in em of the water column, which

the suction would support. Thus, 10 ern head of water is equivalent to pF I (l kPa),

1000 em equals pF 3 (approximately one atmosphere or 100 kPa). Apart from its

logarithmic nature, the pF scale has two other advantages:

1) Expressing the suction as a negative hydraulic head facilitates a unified

approach to the study of moisture conditions both above and below the water-

table, and

2) The pF value being equivalent to the logarithm of the capillary potential and the

free energy of the held water, makes the scale a convenient one for any

thermodynamical approach to soil moisture problems.

The following table shows various units commonly used to express energy levels of soil

water.

Table 2.2 Conversion table for Energy Levels of Soil-Water

-0.4

-0.8

-1 0
-2
-1
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The centrifuge method (Croney et al, 1952) was based on the principle that if the

distance between the centre of the soil specimen and the water table was h, the suction

exerted on the moisture in the soil specimen was equal to a negative head of water h, in

the earth's field. But in a field of n.g the suction would be n.h, Thus, in a field of 5,000

g, a pot of height 5cm would give a suction of 25,000 cm of water. i.e. 2500 kPa (pF

4.4).

Equation (2.6) was used to calculate the suction in the soil specimen. Suppose

the distances between the center of rotation and the water table, and between the center

of rotation and the midpoint of the specimen were r: and rt respectively. Then the mean

centrifugal field, for any angular velocity (I) would be given by:

(2.6)

As the distance between the soil specimen and the water table was r, - r, hence the

suction exerted on the water in the soil specimen would be

2 g
(2.7)

or

(2.8)

Figure 2.10 shows the principle of the centrifuge method ofmeasuring suction.

At the laboratory a Bara-type centrifuge was used, with 4 specially designed cups of the

type shown in Fig. 2.11. A porous cylinder 60 mm high was used in each cup.

33



...._-+----- Soil specimen

f--I----- Porous cylinder
Water table

PLAN VIEW

Figure 2.10 Principle of the centrifuge method ofmeasuring suction

(from Croney, Coleman and Bridge, 1952).
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Figure 2.11 Specially designed cup for centrifuge testing

(from Croney, Coleman and Bridge, 1952).
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It was found that equilibrium was reached more rapidly with porous cylinders

than with the use of hollow pots. The water table was maintained at about 10mm from

the base of the cup. Excess water, draining from the specimen or cylinder could escape

through the small hole (0.014 -in diameter) provided in the wall of the cup at the water

table level. Each cup was fitted with a screw cap to prevent evaporation from the soil

specimen during the test.

Croney et al (1952) studied the influence of the material used for the porous

cylinder on the time required for the soil specimen to reach moisture equilibrium with

the water table in the centrifugal field. It was reported that at all speeds of the

centrifuge, the part of the cylinder beneath the water table would remain saturated. But

the manner in which the water content of the cylinder would decrease above the water

table would depend on the suction/water content relationship of the material of which

the cylinder was made and the speed of the centrifuge. It was also proposed that if the

end of the cylinder in contact with the soil specimen becomes virtually dry during the

test, moisture transfer between the soil specimen and the water table would be restricted

to the vapour phase.

Hard chalk cylinders were used in the centrifuge test. Soil-water characteristic

curves for the sample of chalk used for cylinders was obtained. The variation of water

content along the cylinders was plotted for the centrifuge working at 100 kPa (pF 3) and

speed 1270 rpm) and 1000 kPa (pF 4 and speed 3910 rpm) in both wetting and drying

conditions. (For the laboratory centrifuge r, was 88.5 mm and r2 was 138.5 mm).

Figure. 2.12 shows the distribution of water through the chalk cylinders used in the

centrifuge method.
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Figure 2.12 Distribution ofwater through chalk cylinders used in the

centrifuge (modified from Croney, Coleman and Bridge, 1952).
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In obtaining these curves equation 2.8 was used to calculate the suction at

different points along the cylinder and the corresponding water contents were obtained

from the suction and water content curve for the chalk which is shown in Fig. 2.13.

Croney et al (1952) proposed that the centrifuge cylinder must be saturated at

the beginning of the test otherwise the level of the water might get affected as a result of

absorption of water by the cylinder. It was also stated that error in calculating water

content of the soil specimen was likely to happen as a result of transfer of water from

the cylinder to the soil specimen as the centrifuge was stopped. However fine-grained

soil specimens were found to absorb the water from the cylinder at a much slower rate

than the dry chalk and plaster of paris specimens. For the absorbent materials it was

proposed that correction factor be used to correct the water content. Thin plates of dry

chalk could be used between the absorbent soil specimen and the cylinder to delay the

moisture transfer between the specimen and the cylinder during the speeding up and

slowing down periods of the centrifuge.

Croney et al (1952) also suggested that in the determination of the relationship

between suction and water content for a material, a separate soil specimen could be

used for each point on the curve. Alternatively, if the soil was cohesive or of rigid

structure, a single soil specimen could be used throughout the test. In the present thesis

work single statically compacted soil specimen was used throughout the test to obtain

all the points on the soil-water characteristic curve. A series of increasing speeds were

used to induce higher suctions in the single statically compacted soil specimen.
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Childs (1969) pointed out that, the suction varies actually over the thickness of

the specimen and other methods give better accuracy. Reabsorption of water by the soil

specimen from the porous medium was also of concern. Furthermore, Childs stated that

in saturated compressible soil specimens thicker than 5 mm consolidation during

centrifugation could introduce further errors.

Oden (1975) recommended the centrifugation times for equilibrating saturated

soil specimens 30 mm high and with a volume of 50 crrr'. It was discussed that the

precise equilibrium time would depend also on the specimen composition and use of

centrifuge was advantageous as it could quickly produce a soil-water characteristic

curve. The following table shows the centrifugation times recommended by Oden for a

range ofmatric suction.

Table 2.3 Centrifugation times recommended by Oden (1975)

Matric Suction (kPa) Centrifugation times (min)

< 1 5

1 - 20 15

2 - 200 30

200 - 2500 60

2.3 Use of the Centrifuge at the Univeristy of Saskatchewan, Saskatoon

Skibinsky (1996) used a small-scale medical centrifuge to obtain the soil-water

characteristic curves for Beaver Creek Sand, Processed Silt and Regina Clay. The

properties of these soils are summarized in Chapter 5. The centrifuge was utilized to
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increase the hydraulic gradient across a soil specimen in order to assist in the drainage

of water from the soil pores. This procedure decreased the length of time required to

obtain the equilibrium conditions within the soil specimen as compared to currently

used methods of testing such as Pressure plate and Tempe cells.

A soil specimen holder was designed and fabricated for the testing purpose. The

specimen holder consisted of 5 individual rings, a drainage plate with a porous stone

and a reservoir cup that served as the base of the holder. The porous stone was designed

to act as a filter to prevent the movement of soil from the specimen to the drainage

plate. The porous stone had an air entry value of 50 kPa. Figure 2.14 shows the

Centrifuge soil specimen holder designed and fabricated at the University of

Saskatchewan.

2.3.1 Soil Specimen Holder of the University of Saskatchewan, Saskatoon,

Design Criteria and Details

The details of the soil specimen holder designed and used by Skibinsky (1996)

are as follows:

1) The specimen holder could hold soil specimen 75mm in diameter and 75mm

in height. The holder was built with five rings so that the soil specimen

could be sliced apart after centrifugation to obtain five data points. Each ring

would have a soil specimen from a known but different elevation, which in

tum would give a different point on the soil-water characteristic curve.

2) One of the requirements of the Gardner (1937) equation was that a free

water surface to be maintained in the holder in order to ensure that there was

a zero suction reference.
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3) Redistribution of water in the specimen after centrifugation was also a

concern. The soil specimen was kept such that there was no direct

connection between the constant elevation reservoir and the soil specimen.

4) The cost was also a concern in the design of the aluminum holder.

Drainage out of the drainage plate was accommodated through eight evenly

spaced drainage ports drilled horizontally through sides of the drainage plate. These

ports were used in conjunction with outer support rings as overflow weirs to keep the

water level in the base of the drainage plate at constant elevation thus maintaining the

constant free water surface reference point required by Gardner (1937) equation. The

horizontal overflow ports were connected to vertically drilled drainage holes that allow

the water removed from the soil specimen to flow down from the drainage plate

reservoir into the reservoir cup.

The soils tested by Skibinsky (1996) were Beaver Creek Sand, Processed Silt

and Regina Clay. The Beaver creek sand was chosen for its uniform grain-size and high

hydraulic conductivity, which would reduce the centrifugation time required to achieve

the equilibrium conditions in the soil specimen. Sand also has a low compressibility and

would not tend to consolidate. Processed Silt was selected as it would also provide a

fairly fine-grained relatively incompressible soil. Regina Clay was selected as the third

soil. The centrifuge test results for the Beaver Creek Sand are shown in Fig. 2.15 and

for Processed Silt in Fig. 2.16.
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Skibinsky (1996) found that the unsaturated soils data for only a range of soils (i.e.,

sand and silt) could be obtained by the developed centrifuge method. For clay or

compressible soils, the results obtained did not match adequately with the existing data.

Also due to the low permeability and larger specimen size the equilibrium conditions in

the sample could not be achieved in a time period of 16 days of centrifugation.

Consolidation of the soil specimen was also of concern as it changed the void ratio of

the soil specimen and thus giving the suction versus water content points of different

soil-water characteristic curves and not different points of the same soil-water

characteristic curve.

2.3.2 Need for Modification of the Soil Specimen Holder designed at the University

of Saskatchewan,Saskatoon

Skibinsky (1996) proposed that alterations in the design of the soil specimen

holder and modifications in the centrifuge test procedure were required to obtain the

soil-water characteristic curves for fine-grained soils in a reasonable time period of

centrifugation. The most significant factor contributing to the inability of the soil

specimen holder used by Skibinsky (1996) to produce accurate water content versus

suction results for fine-grained soils was the physical size of the specimen. Slurried soil

specimens were used which required a longer period of centrifugation and equilibrium

could not be reached in the soil specimen in a shorter period of time. The following

suggestions were made.
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a) A slightly altered soil specimen holder that would allow for thinner soil specimens

to be centrifuged be developed. A soil specimen height of approximately 20mm was

proposed.

b) Instead of having a fixed position for the drainage plate, the drainage plate elevation

could be changed so that it could be moved anywhere along the entire height of the

specimen holder. This would allow the modified specimen holder to collect multiple

data points on the same soil-water characteristic curve in one test run. The

aluminum rings would then act as spacer rings to position the drainage plate at

desired elevations within the holder, which would induce different suctions in the

soil specimen at same speed, and thus multiple points could be obtained. As a result,

fewer data points would be collected from a single test but more tests could be run

over the same time period to obtain the whole range of points.

c) It was decided to use statically compacted specimens with different initial water

contents. The soils compacted at different initial water contents have different soil

structures and different strength and permeability properties. The nature of the soil

water characteristic curve for fine-grained soils is influenced mostly by the initial

molding water content and stress history as it changes the soil structure. Specimens

of a particular soil despite having the same mineralogy and texture, exhibit different

soil-water characteristic curve if prepared at different initial water contents. It also

influences the hydraulic and mechanical properties of an unsaturated soil.

(Vanapalli, Fredlund and Pufahl, 1996).

The main idea behind using statically compacted specimens instead of using the

slurried specimens was to overcome the problem of change in the void ratio of the
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soil specimens due to the increased gravity field and to prevent the consolidation of

the soil specimens. Chapter 4 illustrates the modifications done in the specimen

holder designed by Skibinsky (1996) and the details of a new testing procedure

adopted in this study.

2.4 Recent Use of the Centrifuge to Measure the Steady State hydraulic

Conductivity on Various Porous Media

The use of centrifugation to measure steady state hydraulic conductivity on

vanous porous media has been recently demonstrated, for soils by Nimmo and

coworkers (Nimmo et a1.1987, 1994) and for sediments and rocks by Conca and

coworkers (Conca and Wright 1990, 1992; Wright et a1.l994). The UFA method

(Conca and Wright 1998) for rapid, direct measurements of unsaturated and saturated

hydraulic conductivity in porous media by open-flow centrifugation is a newly

developed method (ASTM D 18.21). The open-flow centrifugation can be defined as the

flow of water or other fluid into a specimen while it is rotating in a centrifuge, as

distinct from water retention centrifugation methods (Gardner 1937, Russell and

Richards 1938, Hassler and Brunner 1945, Croney et a1. 1952 and Skibinsky 1996),

which measure drainage from a wet specimen by centrifugation with no flow into the

specimen. In these type of centrifuge method hydraulic steady-state cannot be achieved

without flow into the specimen.

The UFA method (Conca and Wright 1998) uses an unsaturated flow apparatus

(UFA) to determine the transport properties in soil, sediment and rock, concrete and

ceramic especially in relatively impermeable materials or materials under highly

unsaturated conditions. Unsaturated flow apparatus (UFA) is the combination of any
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centrifuge with any constant-flow microinfusion pump and rotating seal assembly. The

UFA rotor with seal assembly is shown in Fig. 2.17. The UFA instrument consists of an

ultracentrifuge with a constant, ultralow flow pump that provides fluid to the specimen

surface through a rotating seal assembly and microdispersal system. An ultracentrifuge

is a centrifuge, which can reach accelerations of up to 20,000 g. Effluent from the

specimen is collected in a transparent, volumetrically calibrated chamber at the bottom

of the specimen assembly. The UFA method reduces the time required for direct

measurements of transport parameters on any porous media, even unsaturated or

relatively impermeable materials. Traditionally, longer times are required to attain

steady-state throughout the specimen because normal gravity does not provide a large

enough driving force relative to the low conductivities that characterise highly

unsaturated conditions. The UFA achieves steady-state in a few hours for most geologic

materials (Nimmo et al. 1987; Conca and Wright 1992).

The steady-state centrifuge method (SSCM) developed by Nimmo(l987) and

the UFA method developed by Conca and Wright( 1992) which both use an acceleration

as the fluid driving force, are different instruments developed independently. The

SSCM is a pressure-controlled method that arose out of soil physics applications and

the UFA method is a flux-controlled method that arose out of geological applications. In

the SSCM, the soil core is bounded on the top and bottom by changeable porous

ceramic plates of fixed saturated hydraulic conductivity
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and potential characteristics. A reservoir of water sits atop the specimen above the

upper porous plate and leaks into the specimen as it is spinning. The bottom of the

specimen is a free water surface and the distribution and magnitude of the matric

potential within the specimen is well known.

The UFA, on the other hand is a flux-controlled system and is open at either

end. The pressures at the top and bottom of the specimen are not fixed at any particular

value. The matric potential at all points throughout the specimen is allowed to attain

whatever magnitude is in equilibrium with the choice of flux and rotation speed.

Because the driving force is acceleration, the bottom of the specimen does not need to

saturate in order for water to leave the specimen. In the UFA, redistribution of water

and attainment of hydraulic steady-state value occurs rapidly, within hours, in response

to the imposed acceleration and the flux. The water content within the specimen also

attains a steady-state value at every point, d'I' / dr = 0 throughout the specimen. The

UFA method is effective because it allows the operator to control the variables of flux

and driving force in Darcy's Law. Darcy's Law states that the fluid flux equals the

hydraulic conductivity times the fluid driving force. Under an acceleration in which

water is driven by both the matric potential gradient and the centrifugal force per unit

volume, Darcy's Law is given by (Nimmo et al. 1987);

q =
- K (\jf)(d\jf / dr - pro

2
r) (2.9)

where, q is the flux density into the specimen, K is the hydraulic conductivity, \jI is the

matric potential, dw/dr is the matric potential gradient, pul r is the centrifugal force per
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unit volume, r is the radius from the axis of rotation, p is the fluid density, and w is the

rotation speed in rad/sec. Hydraulic conductivity can be presented as a function of either

the matric potential or the volumetric water content. If sufficient flux density exists, the

matric potential is much less than the acceleration, d \jf/ dr « pw2 r . Therefore, Darcy's

Law may be approximated by

q = - K (<p )( - pro
2
r) (2.10)

Under these conditions, rearranging Eqn. 2.30 and expressing hydraulic conductivity as

a function of volumetric water content, 8, Darcy's Law becomes

K(8)=-q
pW2r (2.11 )

As stated earlier, the use of UFA to achieve the hydraulic steady-state with a

flux is completely different from the use of centrifuges to measure the matric potential,

or water retention, as is done in the present study by not having flow into the specimen.

Without a flux into the specimen there is no steady-state and a non-uniform water

distribution from top to bottom. There is a fundamental difference in these different

applications. The present method of using a centrifuge to determine fluid retention or

matric potential makes the assumption that a pressure and acceleration are equivalent in

their effect. This is true only at equilibrium when the specimen is no longer draining

i.e., the matric potential gradient is equivalent and opposite to the centrifugal force at
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each point. The following equation has been used by all earlier reasearchers and in this

study to obtain the matric suction.

HI pw
2

(2 2
)T =-- t: -r,

2g
I � (2.12)

where, \fI is the matric suction in kPa, g is the acceleration due to gravity in m /

S2 , r, is the radial distance to the mid-point of the specimen in m, r2 is the radial

distance to the free water surface reservoir at the bottom of the specimen in m, w is the

rotation speed in rad / sand p is the fluid density in kN / rrr'.

53



Chapter 3

The Theory Associated with the Use of Centrifuge Method

for Measuring the Soil-Water Characteristic Curve

3.1 Introduction

There is a potential for the collection of water content versus suction data ( i.e.,

soil-water characteristic curve) for various types of soils, including compacted fine

grained soils, using small-scale centrifuges that are commercially available. The soil

water characteristic curves can be measured using centrifuge technique in a shorter

period of time compared to the conventional Tempe cell or Pressure Plate apparatus.

Skibinsky (1996) designed a soil specimen holder for use in the centrifuge to measure

soil-water characteristic curve for slurried soils. Several modifications were done in the

holder and the experimental procedure to obtain the soil-water characteristic curve for

compacted, fine-grained soils in this study. The design details with respect to these

modifications are presented in Chapter 4. The theory associated with the use of the

centrifuge with a modified specimen holder, to measure the soil-water characteristic

curve for compacted soils and other solid, porous materials, is presented in this Chapter.

The principle ofmeasurement of soil suction using the centrifuge is also described.

3.2 Background Theory

The centrifuge mechanism, in its simplest form can be described as a machine

that is capable of spinning an object in a planar, circular path with respect to a fixed

central point. The radius of the object spinning about the fixed central point is referred

to as the centrifugal radius, r, and the speed at which the object is spinning about the
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fixed center point is the angular velocity and is denoted by (I). The force that maintains

the object in its circular path is the centripetal force and is given by:

F=mr(l)2 (3.1 )

where,

F = centripetal force

m = mass of the rotating object

r = centrifugal radius

(I) angular velocity = 2 1t n / 60

n = number of revolutions per minute

From Eqn. 3.1, it can be seen that a change in angular velocity, (I), will result in a

change in the centripetal force, F, holding the centrifugal radius r, constant. In most of

the centrifuges, r value is constant. The resulting centrifugal force is equal in magnitude

to the centripetal force and acts in a direction opposite to the reaction of the object (i.e.,

acting away from the center of rotation). The object whirled in the centrifuge

experiences a centripetal acceleration which may be several thousand times greater than

the gravitational acceleration on earth, g, and is equivalent to,

2
N=�

g
(3.2)

where, N gives the magnitude of the increased force in terms of g, exerted on the object

due to centrifugation.
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3.3 Use of a Small -Scale Centrifuge to Measure the Soil-Water Characteristic

Curves

A saturated soil specimen can be supported on a column of porous ceramic with

a fixed water table at its base, that is equivalent to atmospheric pressure in a small-scale

centrifuge. Rotation of the specimen causes the centrifugal force to drive water radially

outward to escape at the base of the specimen. This situation is similar to the field

conditions where gravity causes water to drain towards zero pressure (i.e., natural

groundwater table). The moisture profile in soil specimen is such that the water is

draining towards a groundwater table in a world where gravity is several times to that

on earth, when equilibrium conditions are eventually attained in the centrifuge.

A specimen holder has to be specially designed to simulate both the soil and the

field environmental conditions discussed above in the small-scale centrifuge. Saturated

soil specimens can then be drained using centrifugal force to create unsaturated

conditions. The drainage plate in the specimen holder has to be designed such that it

holds a free water surface reservoir that represents the ground water table conditions of

the field environment. The saturated soil specimen placed on the top of the ceramic

cylinder should be in direct contact with the base water table to ensure the continuous

hydraulic connection between the pore-water in the soil specimen and the free surface

reservoir. Water escapes into the bottom reservoir through the ceramic cylinders and

reaches equilibrium conditions when the saturated soil specimen is centrifuged. At this

time, the suction in the soil specimen will be equivalent to the centrifugal force. Figure

3.1 shows the simulated field environmental conditions in the soil specimen holder used

during this study.
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3.4. The principle of Soil Suction Measurement in Centrifuge

Gardner's (1937) equation is commonly used to determine the induced suction

in the soil specimen in a centrifuge:

(2.12)

where,

'" suction in the soil specimen (kPa)

r, radial distance to the free water surface (m)

r2 radial distance to the midpoint of the soil specimen (m)

(I) angular velocity (rad / s)

p = density of the pore fluid (kN / rrr')

g = acceleration due to gravity (m / S2)

Figure 2.10 in Chapter 2 shows the principle associated with the measurement of

soil suction in the specimen using the centrifuge technique. Equation 3.3 has been used

to calculate the suction in the statically compacted soil specimens in this study.

Equation 3.3 defines a non-linear relationship between suction and centrifugal radius.

The soil suction, '1, becomes a function of the difference of the squares of the

centrifugal radii, r, and r2 keeping the density, p, and the angular velocity, (I), constant.

The distance from the center of rotation to the free water surface r j is fixed and is a

constant. Different values of suction can be induced in the soil specimen by varying the
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radial distance to the midpoint of the soil specimen, r: Several researchers used Eqn 3.3

to measure the suction in the soil specimens using the centrifuge (Russell and Richards,

1938, Hassler and Brunner, 1945, Croney et al, 1952, Skibinsky, 1996). These

researchers tested slurried specimens of sand, silt and clay to measure the soil-water

characteristic curve using the centrifuge. In this study, statically compacted specimens

of Indian Head till, Processed silt and Regina clay were tested.

3.5 Use of Ceramic Cylinders of Four Different Heights in Centrifuge Test

Ceramic cylinders of different heights in combination with different test speeds

can be used to induce different suctions in the soil specimens. In this study, four

different heights of ceramic cylinders (15 mm, 30 mm, 45 mm and 60 mm) were used to

keep the soil specimen at four different distances from the center of rotation and induce

different suctions as shown in Fig.3.2. The centrifugal radius versus suction results for

soil specimens, produced by Eqn. 3.3 for a typical test speed of 1000 rpm are shown in

Fig. 3.4.

Figure 3.3 shows that the top of the specimen (i.e., closest point to the center of

rotation) experiences the highest suction while the bottom of the specimen (i.e., farthest

point to the center of rotation) is subjected to the lowest suction. Thus, using different

test speeds and different ceramic cylinders, water content versus suction data over a

wide range (0 to 500 kPa in this case) can be measured. Four identical soil specimens

are needed when ceramic cylinders of four different heights are used. The results

obtained from the centrifuge test run at various test speeds can be combined to produce

a complete soil-water characteristic curve. Table 3.1 shows the various suction values
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that can be induced in the soil specimens using ceramic cylinders of varying heights and

different test speeds.

Note: I) All the four Cylinders are 50 mm in diameter.

2) Speed of rotation (co) is constant.
3) r, is 200 mm and is a constant.

4) o and � are constants.

Center of rotation

t
r: for IS mm cylinder

r2for 30 mm cylinder

r2 for 45 mm cylinder

rz or 60 mm cylinder

Fixed water table

rl is constant 200mm

::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::;:::::;:;:;:;:;:;:;:::;:;:;:;:;:;:::;:::;:;:;:;:::;:;:;:::;:;:;:;:;:;:;:;:;:;:;:;:;:;:;:;:;:;:;:;:::::;:;:;:;:;:

Drainage plate with fixed water table

Figure 3.2 Soil specimens placed at different distances from the center of rotation using
ceramic cylinders of four different heights.

60

---



130

Matric suction (kPa)
120 110

•

100
_

134 E
E
---

- 136 (J)
::J

- 138:g
....

- 140 co
OJ

- 142 �
....

144 �
o

60 mm high
cylinder

I

•

•

•

Note: Above soil specimens are 50 mm in diameter and 12 mm in height.

Figure 3.3 Induced suction in the soil specimen using different ceramic cylinders
for centrifugation speed of 1000 rpm.

61



Table 3.1 Suction associated with different test speeds and different ceramic cylinders

Test speed Suction induced in the soil specimen (kPa)
(rpm) 15mm 30mm 45mm 60mm

cylinder cylinder cylinder cylinder
300 6.04 8.38 10.51 12.41

500 16.69 23.18 29.06 34.32

1000 67.11 93.26 116.8 138.8

1500 15l.1 210.0 263.1 310.8

2000 268.7 373.3 467.7 552.5

2500 420.0 583.6 73l.1 863.6

The small-scale centrifuge used in this study is capable of maximum speed of

4200 rpm and can induce a maximum suction of 2800 kPa in the soil specimens. In this

study, the suction at the midpoint of the soil specimen was considered and the

corresponding average water content value was used to plot the soil-water characteristic

curves.
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Chapter 4

The Modified Soil Specimen Holders and The New Test Procedure

4.1 Introduction

The Tempe cell and pressure plate apparatus that are commonly used to measure

the soil-water characteristic curve provide one point on the soil-water characteristic

curve for each applied pressure. Skibinsky (1996) designed and used a centrifuge soil

specimen holder to obtain multiple data points on the soil-water characteristic curve

using a centrifuge technique. Skibinsky (1996) proposed that alterations in the design of

the soil specimen holder and modifications in the centrifuge test procedure were

required to extend the centrifuge method to obtain the soil-water characteristic curves

for fine-grained soils in a reasonable time period of centrifugation. The limitations of

the specimen holder designed by Skibinsky (1996) are presented in Chapter 2. This

chapter further illustrates the modifications that have been made in the soil specimen

holder beyond that suggested by Skibinsky (1996). Two modifications were required in

the soil specimen holder, as expected results were not obtained after the first

modification as suggested by Skibinsky (1996). The following sections also present the

details of a new test procedure proposed and used in this study.

4.2 First Modified Soil Specimen Holder with Movable Drainage Plate

Modifications were made to the earlier soil specimen holder designed by

Skibinsky (1996). These modifications were to accommodate the use of thinner,

statically compacted soil specimens such that the soil specimens could be moved along

the entire height of the holder. A porous ceramic stone with an air entry value of 50 kPa
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was used as the filtering medium at the base of the soil specimen. Lucite was used for

fabrication of the movable drainage plate so that the new modified drainage plate

assembly was light and would not significantly affect the maximum speed of

centrifugation. Two specimen holders were modified and used for testing. Each holder

was capable of holding one soil specimen at a time but at different elevations or at

different distance from the center of rotation. Therefore, two data points on the soil

water characteristic curve were obtained during one test run.

4.2.1 Movable Drainage Plate

The new movable drainage plate consisted of a bottom lucite base disk to

support a porous stone on its top. Figure 4.1 shows the bottom lucite base disk fixed on

top of the reservoir cup. The bottom lucite base disk had its outer diameter equal to that

of the aluminum spacer rings of the specimen holder. Holes were drilled along the

periphery of the lucite disk so that it would fit in between the aluminum spacer rings at

the desired elevation. The new drainage plate was made to fit in between the aluminum

spacer rings anywhere along the entire height of the specimen holder. The porous stone

supported on top of the lucite base disk had its diameter equal to the inside diameter of

the aluminum rings.

Figure 4.2 shows the porous stone fixed on top of the lucite base disk. The

height of the lucite disk was raised at the center, with the diameter of this raised portion

equal to the inside diameter of the aluminum spacer rings, to support the porous stone

on its top. The fixed drainage plate designed by Skibinsky (1996) was used along with

the movable drainage plate in the modified specimen holder during the testing.
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Figure 4.1 Bottom supporting lucite disk of the movable drainage plate.

Figure 4.2 Top porous stone of the movable drainage plate fixed on top

of the bottom lucite disk.

The reference free water surface existed in this fixed drainage plate, which

would fit on top of the reservoir cup (Fig.4.2), to satisfy the condition imposed by
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Gardner's (1937) equation for the existence of a free water surface in the specimen

holder. In the movable drainage plate, the raised portion of the lucite disk was made

concave to serve as a collection area (FigA.1). A hole of 1 mm diameter was drilled at

the center of the disk. The hole was fitted with a small piece of pipe to which, another

tube was attached to transport the extracted water from the soil specimen to the bottom

fixed drainage plate. To facilitate the movement of the drainage plate along the entire

height of the specimen holder, tubes of different lengths were used during the testing.

Figure 4.3 shows the various parts of the modified specimen holder with the

movable drainage plate.

Porous

rings

Figure 4.3 Various parts of the modified specimen holder with the movable drainage

plate.

4.2.2 Procedure for Assembling the Soil Specimen Holders before Centrifugation

The fixed drainage plate designed by Skibinsky (1996) was first fixed onto the

reservoir cup. The lucite disk was fixed on top of this fixed drainage plate as shown in
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Fig. 4.2. The middle portion of the lucite disk was raised to accommodate and to

support the porous stone on its top. The top of the porous stone remained flush to the

upper side of the aluminum ring around it as shown in FigA.2. The new drainage plate

needed a space equivalent to the thickness of an aluminum ring (i.e., 15mm) to fit into

the specimen holder. For the soil specimen to be tested in aluminum ring no. 3, the

movable drainage plate assembly would fit beneath (i.e., in the aluminum ring no. 2 of

the soil specimen holder). After the saturated porous stone was kept on top of the lucite

disk, the statically compacted, saturated soil specimen was placed on top of the porous

stone as shown in the Fig. 4A. The specimen was covered with aluminum foil to

prevent evaporation during the test run. The remaining aluminum rings were fixed on

top of each other as shown in Fig. 4.5.

4.3 First Modified Test Procedure

Both soil specimen holders were then placed in the opposite centrifuge buckets.

Different test speeds of 300, 500, 1000, 1500,2000 and 2500 rpm were used for testing.

Two soil specimens were tested at a particular speed of rotation, as only two specimen

holders were available for testing. Two data points on the soil-water characteristic curve

could be obtained during one test run. This was possible as both the specimen holders

contained the soil specimens at different elevations from the fixed reference water table

at the base. This would induce different suctions in the soil specimens.
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Figure 4.4 Statically compacted soil specimen placed on top of the porous stone in the

movable drainage plate.

Figure 4.5 Soil specimen holder ready to be placed in the centrifuge bucket.
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While running a test at a particular speed, the centrifuge was stopped after every

two hours and the soil specimens were weighed. This procedure was continued until

there was no difference in masses of the holders between two consecutive weighing

(i.e., after achieving equilibrium conditions in the soil specimen). The water content of

the soil specimens was determined by oven drying, after both the soil specimens had

reached equilibrium conditions.

Four different points on the soil-water characteristic curve were obtained as soil

specimens were kept at four different distances from the center of rotation, for one test

speed (e.g., holder no. 1 had the soil specimen in the ring no. 2 and holder no. 2 had the

soil specimen in the ring no. 3 for the first test run). The specimen positions were

changed (i.e., soil specimens were kept in the ring.no. 4 in the holder no. 1 and in ring

no. 5 in the holder no. 2, respectively) in the next test run, but the speed of rotation was

kept constant. Two more water content versus suction points corresponding to higher

suction values were thus obtained. With the increase in the test speed (e.g., from 300

rpm to 1000 rpm), the time required to achieve equilibrium increased. This was quite

reasonable since the specimens were subjected to higher suctions at higher speeds and

the specimens had lower coefficient of permeability.

The soil specimens were subjected to a range of suctions by changing the

position of the specimens from the center of rotation as well as by varying the test

speed. It was possible to obtain 24 points on the same soil-water characteristic curve

(ranging from 0 to 800 kPa) by testing the soil specimens at four different distances

from the center of rotation and for the six different test speeds of 300, 500, 1000, 1500,

2000 and 2500rpm. The soil-water characteristic curves measured using the first
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modified specimen holder were compared with the soil-water characteristic curves

measured using pressure plate and Tempe cells for similar soil specimens and are

presented in Chapter 6. Table 4.1 shows the range of suctions associated with each

testing speed.

Table 4.1 Range of suction associated with the test speed.

Serial No. Centrifugation speed Associated suction range

1 300 rpm 6.04 to 12.4 kPa

2 500 rpm 16.69 to 34.3 kPa

3 1000 rpm 67.11 to 138 kPa

4 1500 rpm 15l.1 to 310 kPa

5 2000 rpm 268.7 to 552 kPa

6 2500 rpm 420.0 to 863 kPa

Two test runs were required to obtain four data points on the soil-water

characteristic curve for one test speed, as only two specimen holders were available for

testing at one time. Four soil specimens were required for each test speed to obtain four

data points on the soil-water characteristic curve. Intense care was taken while

preparing all four soil specimens so that the specimens were essentially identical and

similar to each other in terms of initial void ratio and degree of saturation at the start of

the test. The soil specimen nearest to the center of rotation required more time to reach

equilibrium as it was subjected to higher suction and lost more water as compared to the

soil specimen in the ring farthest from the center of rotation. Figure 4.6 shows the J6-

HC small-scale medical centrifuge used for testing. Figure 4.7 shows the swinging type

JS-4.2 rotor buckets assembly.
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Figure 4.6 The J6-HC small-scale medical centrifuge used for testing

Figure 4.7 The JS -4.2 rotor assembly with six swinging type buckets
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4.4. Need for Second Modified Specimen Holder and New Test Procedure

The following conclusions were drawn after the first modified soil specimen

holder was found unsuitable for testing. There was further need for a second set of

modifications to the design of the specimen holder, as well as change in the test

procedure.

I) The soil specimen size of 75mm diameter and I5mm height was large and the

time period required to attain the equilibrium conditions was quite long. Hence,

it was decided to further reduce the thickness and size of the specimen.

2) Gardner's (1937) equation for suction calculation requires a free water surface

reservoir or a zero suction reference level at the base and it should be in contact

with the soil to be tested. There was no connection of the pore-water and the free

surface water table in the earlier holder designed by Skibinsky (1996) as well as

in the first modified holder.

3) The collection area in the lucite disk immediately below the porous ceramic

stone acted as a barrier for water as it was an empty space filled with air. The

flow from the base of the porous stone into the collection area appeared to be

difficult.

4) The water into the lower reservoir cup was assumed to be collected because of

the water leakage through an air gap between the aluminum rings and the porous

72



stone. As the porous stone beneath the specimen did not allow the passage of

water, flow took place horizontally on top of the porous stone and through the

gap between the aluminum rings and then through the holes in the rings into the

lower reservoir cup.

The reasons described above may have contributed to obtaining meaningless

results and the unsuccessful testing of the soil specimens with the first modified

specimen holder using the centrifuge technique. A need arose for a second modification

to the specimen holder as well as modification to the test procedure.

4.5 Details of the Changes Made in the First Modified Specimen Holder

The following changes were made to the first modified specimen holder and the

test procedure before undertaking the second testing program.

I) The size of the soil specimens was reduced from 75mm diameter and l Smm

height to 50mm diameter and 12mm height. The smaller specimens would

require shorter period of time to attain the equilibrium conditions.

2) To ensure the connection of the pore-water in the soil specimen with the zero

suction reference water table, it was necessary that each soil specimen be placed

on top of the porous stone whose bottom portion was submerged into the zero

suction reference reservoir. Thus, at the start of the test when the soil specimen
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and the porous stone both are fully saturated, there will be direct connection

between the soil specimen pore-water and the zero suction reservoir.

Special ceramic cylinders of four different heights were designed and

manufactured such that the soil specimens could be placed along the entire

height of the specimen holder to get the complete range (0 to 500 kPa) of

suction versus water content points (i.e., multiple points). The cylinders were 15

mm, 30 rnm, 45 mm and 60 mm in height. It was thus possible to change the

position of the soil specimens by changing the ceramic cylinders and without

changing the position of reference zero suction level. Also, the bottom end of

the cylinders would be dipped into the reservoir at the base all the time. Details

concerning the ceramic cylinders are presented in section 4.6 of this chapter.

Soil Specimens

Spacer
cylinders

Figure 4.8 Various parts of the first (L) and second modified specimen holder (R)
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3) The ceramic cylinders were wrapped with polythene tape to prevent crushing

under the increased gravity field in the centrifuge and also to restrict the flow of

water in a vertical direction. Fig. 4.8 (R) shows the ceramic cylinders used in the

study.

4) The aluminum rings of the previous specimen holder used by Skibinsky (1996)

were 75mm in diameter. The new soil specimens and the ceramic cylinders were

50mm in diameter. The hollow aluminum cylinders with an internal diameter of

50mm and an outer diameter of 75mm were used as spacers between the

ceramic cylinders and the outside aluminum rings. These spacer cylinders also

prevented the horizontal movement of water through the gap between the

outside aluminum rings. At the end of the test, whatever water was collected in

the reservoir cup was due to the flow of water from the soil specimen, through

the ceramic cylinders, into the zero suction water reservoir. The aluminum

spacer cylinders are shown in Fig. 4.8 (R).

5) The support rings at the center of the fixed drainage plate used by Skibinsky

(1996) were ground to the base level such that the ceramic cylinders could rest

directly in the water reservoir as shown in Fig. 4.10.

6) The soil specimens were directly compacted into the steel rings of 50mm

diameter and lOmm height. The steel moulds and the plunger shown in Fig. 4.8

(R) were used to compact the soil specimens in the 50rum diameter steel rings.
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7) In the earlier testing method, for every change in the test speed, new soil

specimens were compacted, saturated and then tested. For a complete soil-water

characteristic curve of 24 points ranging from 0 to 800 kPa, 24 soil specimens

needed to be compacted and saturated. For the soil specimens with three

different initial water contents the number of soil specimens compacted,

saturated and tested with the first modified specimen holder and the test

procedure was 72.

To reduce the amount of time and labor required in preparing the soil

specimens, it was decided to test only one soil specimen for a range of suction

from 0 to 500kPa. This was achieved by changing the centrifuge speed after

every 2, 4, 6 and 8 hrs depending on the type of soil specimen used. The soil

specimen was weighed at the end of each speed increment and again rotated in

the centrifuge at a higher test speed for centrifugation. The final water content of

the soil specimens was determined by using an oven drying method and the

remaining water contents at the earlier speeds were back calculated. The new

test procedure used with the second modified specimen holder is described in

detail in section 4.7 of this Chapter.

4.6 Ceramics

Special ceramic cylinders were manufactured in the laboratory at the University

of Saskatchewan to be used during this study, as ceramic cylinders of the required

dimensions were not commercially available.
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The term ceramics is applied not only to refractories and related products, but

also to pottery, glass, vitreous enamels, building bricks, abrasives, cement and concrete.

A simplified and reasonably adequate definition for a refractory IS that it is an

inorganic, non-metallic material. A refractory is frequently referred to as a ceramic

capable of being heated to a high temperature. However, mere temperature resistance is

not enough. The maintenance of adequate strength, good resistance to chemical and

physical erosion at many temperatures and a resistance to rapid temperature changes

(i.e., thermal shocks) are all essential requirements for a good refractory. In general

terms, the ceramics have high thermal stability, high compressive strength, and good

yield stress at elevated temperatures and excellent resistance to chemical attack and

abrasion. The major deficiencies are brittleness, low impact resistance and sensitivity to

rapid temperature changes.

Almost all ceramic products are made by shaping the article from powdered or

granular materials followed by firing to a high temperature for stability. The properties

of the final product can be profoundly influenced by variables such as the purity of the

raw materials, size grading, method of shaping, temperature and duration of firing, kiln

atmosphere and post kiln treatment such as grinding and glazing. High shrinkage during

firing sets up stresses that may distort or even crack the article.

The oxides are the most important class of ceramics at the present time, both

technically and commercially. Oxide ceramics are made either from single or mixed

oxides. The more important single oxides are silica, alumina, magnesia, chromium

oxide, zirconia and berylia. Alumina is a versatile material. When it is bonded with clay

and fired to a high temperature approaching its melting point, it gives a dense white
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product, which is hard, abrasion and corrosion resistant. The white appearance is due to

very fine pores in the body. The toughness of the sintered product can be increased by

adding some binders or additives.

4.6.1 Ceramic Cylinders Used in this Study

Special ceramic cylinders were used at the base of the statically compacted soil

specimens to ensure the connection of the free-water surface reservoir in the drainage

plate, to the pore-water in the soil specimens. The ceramic cylinders were composed of

60% Kaolinite and 40% Aluminum oxide. Various proportions of Kaolinite and

Aluminum oxide such as 50/50, 70/30 and 55/45 were tried before selecting the 60/40

combination. The 60/40 ceramic cylinders were found to be strongest and showed the

least cracking after firing in the oven. The porosity of the ceramic cylinders was

equivalent to 45 %. The diameter of ceramic cylinder was 50 mm when it was a green

body but later due to shrinkage after firing the diameter was reduced to 49 mm.

After the cylinders were manufactured, the strength and water holding capacity

of the cylinders were tested by spinning the cylinders in the centrifuge at speeds of 300,

500, 1000, 1500, 2000, 2500, 3000 and 3500 rpm. Due to the increased gravity field, the

cylinders showed some cracking at the speeds below 2000 rpm and above 2000 rpm the

cylinders would crush. After drying, the 60/40 cylinders were wrapped with a polythene

tape and then tested again. The cylinders were found to remain intact even at a speed of

3500 rpm.
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4.6.2 Advantage of Using Cylinders with Different Heights

Multiple data points of the soil-water characteristic curve were obtained in a

much shorter period of time, by varying the centrifuge speed and the heights of the

ceramic cylinders. The main advantage of the cylinders with different heights was that

at one speed using six different cylinders, six water content versus suction data points

could be obtained for one test run. If the speed was changed six times (i.e., ranging from

300, 500, 1000, 1500, 2000 and 2500 rpm) thirty six data points on the soil-water

characteristic curve could be obtained in one test run and in a much shorter period of

time. During this study, only two specimen holders and two ceramic cylinders were

used at a time for testing. Changing the test speed six times gave twelve data points on

the soil-water characteristic curve in one test run.

Ceramic cylinders of four different heights (i.e., 15mm (CIS). 30mm (C30),

45mm (C4S) and 60mm (C60)) were manufactured and used in this study. The main

reason behind using cylinders of different heights was to position the soil specimens at

different distances from the center of rotation of the centrifuge. The specimens were

subjected to different centrifugal forces that created different suctions in the soil

specimens for the same speed. By further increasing the test speed, the specimens were

subjected to higher suction values. The combination of different cylinder heights and

different speeds was used to obtain the complete soil-water characteristic curve ranging

from 0 to 500 kPa.
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4.6.3 Manufacturing Process of the Ceramic Cylinders

The steel moulds and plunger shown in Fig. 4.8(R) were used for manufacturing

the ceramic cylinders. The inner diameter of the mould was SOmm. The outer diameter

of the cylinders, after packing, was SOmm. As the steel moulds were of different heights

and could be fixed into each other, it was easy to manufacture cylinders of different

heights. The mould had to be used with a detachable base cap which, could be removed

after the dry powder mix was compressed inside the mould with a steel plunger. The

static compaction machine shown in Fig. 4.9 was used to compact the dry powder mix

of Kaolinite and Aluminum oxide in the steel moulds to manufacture the ceramic

cylinders.

The powder mix was statically compacted at a constant rate until the desired

height of the cylinder was obtained using a plunger. Intense care was taken during the

compaction process to ensure that all the cylinders were similar in terms of porosity and

density. The same plunger was used carefully to push out the compacted fresh green

body out of the mould. Pushing out of the green body was done with utmost care to

minimize the formation of cracks, as the green bodies were sensitive to touch.

Cracks formed in the green bodies after compaction could affect the water

holding capacity of the cylinders. The green bodies were fired in the kiln at

temperatures of 1300-1400
0 C. While the green bodies are fired, the particles becomes

attached to each other at their contact surfaces due to a process called as sintering. The

melting at the contact surfaces forms strong bonds which later gives the compressive

strength to the ceramics. The sintering process also governs the porosity of the

ceramics. Binders are used as catalysts to speed up the sintering process.
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Figure 4.9 The static compaction machine used for compaction of

soil specimens and ceramic cylinders.

The temperature at which the green bodies are fired can affect ceramic

properties such as porosity, brittleness, shrinkage and compressive strength. A gradual

increase in the temperature at a constant rate of 10 degrees in 2 minutes was used to fire

the bodies as follows:

Table 4.2 Firing time of ceramic cylinders

Serial No. Firing temperature Firing time of ceramic

1 110 0 C 4 hours

2 600-7000 C 8 hours

3 1300-14000 C 8 hours
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The cylinders were kept in the kiln for 18-20 hours so as to allow thorough

heating (i.e., from outside as well as inside) to achieve the quality desired. The cooling

of the cylinders in the kiln was done at a constant rate to avoid cracking due to thermal

shock. After cooling, the cylinders were kept at room temperature for 48-60 hours and

then saturated before using them in the centrifuge.

4.7 New Test Procedure Used With the Second Modified Specimen Holder

After both the ceramic cylinders and the soil specimens were saturated, the test

was conducted in the following manner:

a) The centrifuge was started and allowed to run at 300 rpm for half an hour.

This was a pre-test spin so that the temperature of the rotating chamber

could adjust and remains constant at 20 degrees.

b) Two soil specimens were tested in one test run as two specimen holders

were available for testing. The difference between the two specimen holders

was that of the ceramic cylinders of two different heights used (e.g., CIS with

C4S and C30 with C60) as shown in Fig. 4.11. To balance the rotor due to the

mass difference (because of different cylinders in the specimen holders) an

additional mass was kept in the reservoir cup of one of the holders during

testing.

c) The saturated soil specimens were taken out of the water bath and were

covered on top using aluminum foil and filter paper at the bottom. The

specimens were weighed before being placed in the specimen holder
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d) The fixed drainage plate designed by Skibinsky (1996) was also used. After

the drainage plate was fixed on top of the reservoir cup, water was poured

into the drainage plate to the overflow ports as shown in Fig. 4.10 The top

surface of this water reservoir was the zero suction reference level. The

saturated ceramic cylinders were placed into their respective drainage plates

such that the bottom was dipped into this zero suction reference level

reservoir as shown in Fig. 4.10.

Figure4.10 Saturated ceramic cylinder kept in the drainage plate with

the zero suction reference water reservoir.

83



Figure 4.11 Statically compacted and saturated soil specimens on top of'

the saturated ceramic cylinders.

e) The top of the ceramic cylinders was made wet and the soil specimens were

placed on top. The pore-water in the soil specimens was in direct contact

with the bottom reference reservoir as shown in Fig.4.11.

f) Hollow aluminum spacer cylinders were placed around the ceramic

cylinders and the soil specimens as shown in Fig. 4.12. The 1mm gap

between the ceramic cylinder and the aluminum spacer cylinder was filled

with rubber bands so that the ceramic cylinders would stay in position while

rotating.
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Figure 4.12 Aluminum spacers placed around the ceramic cylinders.

g) The aluminum spacer rings were pushed down the side bolts around the

aluminum spacer cylinders and tightened with nuts on the top as shown in

Fig. 4.13.

h) Both the specimen holders were then weighed such that the difference in

their masses was less than 0.5 g. The holders were ready for centrifugation

as shown in Fig 4. 14.The soil specimen holders were first centrifuged at a

speed of 300 rpm for two hours.

i) The centrifuge was stopped after two hours and the soil specimens were

weighed. The top of the cylinders was made wet and the soil specimens were

placed back on the top of the ceramic cylinders. The specimens were then

spun at a higher speed (i.e., 500 rpm for next two hours). After every
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two hours, the centrifuge was stopped, the soil specimens were weighed, and

then kept back in the centrifuge for rotation at the next higher speed. The soil

specimens were rotated starting from 300 rpm to 500, 1000, 1500, 2000 and

2500 rpm.

The two hours centrifugation time was increased to four, six and eight

hours for data points higher than the air-entry value of the soil, for specimens

with higher percentage of fines. After the 2500 rpm run, the soil specimens were

weighed and kept for water content determinations. The water contents from

earlier speed steps were back calculated.

Figure 4.13 Soil specimen holders ready for centrifugation.
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Figure 4.14 The soil specimen holders in the opposite centrifuge

buckets

K) Twelve water content versus suction data points on the soil-water

characteristic curve were obtained in one test run as the test speed was

changed for six times. Each speed change was associated with two data

points of the soil-water characteristic curve. The procedure was further

modified for soils with a higher clay percentage. At the higher speeds,

the soil specimens were subjected to higher suction and so it was obvious

that more time would be required to reach equilibrium conditions as

compared to the earlier speed steps. Table 4.3 shows the time of

centrifugation used for each speed step.
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Table 4.3 Time of centrifugation for speed steps

Serial No. Test speed Time of centrifugation
I 300 rpm 2 hrs

2 500 rpm 4 hrs

3 1000 rpm 6 hrs

4 1500 rpm 6 hrs

5 2000 rpm 8 hrs

6 2500 rpm 8 hrs

After one test run was over, the ceramic cylinders in the specimen holders were

changed from 15 mm and 45 mm cylinders to 30 mm and 60 mm cylinders. The

saturated soil specimens were kept on top of these new cylinders. After assembling the

specimen holder, the soil specimens were centrifuged. The difference between this and

the earlier test run was that the soil specimens were kept at different distances from the

center of rotation. This was possible as the ceramic cylinders were of different heights.

It was possible to obtain 24 water content versus suction data points on the soil

water characteristic curve ranging from OkPa to 500kPa in two test runs. The soil-water

characteristic curve measured using the second modified specimen holder was

compared with the soil-water characteristic curve measured using pressure plate and

Tempe cells for similar soil specimens.

The comparison of the soil-water characteristic curves measured using both the

centrifuge and conventional tests is presented in Chapter 6 of the thesis.
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Chapter 5

Laboratory Investigations

5.1 Introduction

The primary objective of the research work was to obtain soil-water

characteristic curves for compacted fine-grained soils using the centrifuge technique.

Three different fine-grained soils; namely, Processed silt, Indian Head till and Regina

clay, were used in the study. A laboratory investigation program that consisted of

measuring soil-water characteristic curves using the centrifuge technique was

undertaken. The soil-water characteristic curves were also measured usmg the

conventional Tempe cell method. The comparison between the measured soil-water

characteristic curves and the results of this study are presented and analysed in Chapter

6. This chapter illustrates the details of the laboratory investigations.

5.2 Soil Properties

The soil-water characteristic curves were determined usmg the centrifuge

technique on the statically compacted soil specimens of Indian Head till, Processed silt

and Regina clay. Tempe cell tests were also conducted on the statically compacted

specimens of Indian Head till.

5.2.1 Indian Head Till

A glacial till obtained from Indian Head, Saskatchewan, Canada was used in the

testing of the first modified specimen holder with a movable drainage plate. The liquid

limit and the plastic limit of the soil were 35.5% and 16.8%, respectively. Sand, silt and
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clay fractions were 28%, 42% and 30%, respectively. The specific gravity of the soil

was 2.73. The maximum dry density was 1.80 Mg/rn
' and the optimum water content

was 16.3% (Vanapalli 1996).

5.2.2 Processed Silt

Processed silt was prepared by altering the gram SIze characteristics of a

naturally occurring silt from a borrow pit near Saskatoon, Saskatchewan, Canada. The

Processed silt has been investigated at the University of Saskatchewan by Bruch (1993),

Skibinsky (1996) and Wright (1999). Bruch (1993) mechanically altered the naturally

occurring silt through sieving and washing to remove the sand and clay size fractions.

The sand fraction of the natural silt that comprised approximately 6% of the material

was completely removed and the clay fraction of the silt was reduced from I 1 % to 7%.

The grain size curve of the Processed silt is shown in Fig. 5.1.

5.2.3 Regina clay

Regina clay IS classified as a lacustrine, calcium montmorillonite clay of

preglacial origin with liquid limit in the range of 75% to 85%. The clay is named after

the area where some of the largest deposits in Sasktchewan exist (i.e., Regina,

Saskatchewan). Regina clay has been investigated extensively by Fredlund (1973),

Barbour (1986), Wilson (1990) and Shuai (1996) at the University of Saskatchewan.

The grain size curve for the Regina clay is shown in Fig. 5.2.
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5.3 The Test series

The test series can be divided into two parts:

1) Test Series I

2) Test Series II.

5.3.1 Test Series I

The Test Series I was conducted using the first modified soil specimen holder

with a movable drainage plate. The details about the first modified specimen holder and

the first test procedure are presented in sections 4.2 and 4.3 respectively of Chapter 4.

The Test Series I consisted of the following tests.

1) Centrifuge tests on specimens of Indian Head till compacted at initial water

content of 13 % (on the dry side of optimum), 16.3% (at optimum) and

19.2% (on the wet side of optimum).

Several experimental problems were associated with the results of the Test

Series I. Hence a second testing program was undertaken (i.e., Test Series II).

5.3.2 Test Series II

Test Series II was conducted by using the second modified soil specimen holder

with ceramic cylinders. The details about the second modified specimen holder and the

second test procedure are presented in Section 4.5 of Chapter 4. The Test Series II

consisted of the following tests.
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I) Centrifuge tests on specimens of Indian Head till compacted at an initial

water content of 13 % (on the dry side of optimum), 16.3% (at optimum) and

19.2% (on the wet side of optimum).

2) Centrifuge tests on specimens of Processed silt compacted at an initial water

content of 22%.

3) Centrifuge tests on specimens of Regina clay compacted at an initial water

content of 38%.

In addition to the above tests, centrifuge tests were also conducted on the

specially made ceramic cylinders (CIS, C30, C45, C60) to determine the soil-water

characteristic curve for the ceramic. The details about the test procedure adopted are

presented later in this Chapter. The following tests were also conducted as a part of Test

series II.

I) Tempe cell tests on specimens of Indian Head till compacted at an initial

water content of 13 % (on the dry side of optimum), 16.3% (at optimum) and

19.2% (on the wet side of optimum). Standard Tempe cell procedure

was adopted to conduct these tests, and

2) Saturated coefficient of permeability (ksat) test on the ceramic cylinder C60.
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5.4 Soil Processing for Test Series I

The Indian Head till was first air-dried for several days and pulverized using a

wooden mallet. The pulverized soil was sieved through a 2mm. Statically compacted

specimens were to be prepared with three different initial water contents of 13%, 16.3%

and 19.2% (i.e., dry side of optimum, at optimum and wet side of optimum),

respectively

5.4.1 Initial water content

The required amount of distilled and de-aired water was sprayed in layers after

accounting for the hygroscopic water content of the dry soil. The soil was packed in

polythene bags and stored in a humidity-controlled room for 24 hours to allow even

distribution ofwater throughout the soil. The soil water content was determined after 24

hours to check whether or not the desired initial water content was achieved. The soil

specimens were later statically compacted using a static compaction machine (Fig. 4.9).

5.4.2 Static Compaction of Soil Specimens

The soil specimens of 75mm diameter and 15mm height were statically

compacted directly into the aluminum rings of the specimen holder. A special steel

collar and a steel plunger were fabricated for the preparation of the specimens (Fig.

4.8). The internal diameter of the steel collar and the plunger was similar to that of the

aluminum ring.
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5.4.3 Saturation of Compacted Soil Specimens and the Ceramic Disk

The statically compacted soil specimens in the aluminum rings and the 50 kPa

air -entry value ceramic disk were to be saturated before the actual testing. The ceramic

disk was saturated in the vacuum chamber and later kept in the distilled water for 6 to 8

hrs. The compacted soil specimens in the aluminum rings were covered with filter

papers on the top and the bottom both to prevent loss of soil particles and submerged

into the water bath for 36-40 hrs. Porous stones were placed on the top and the bottom

both of the ring with compacted soil specimens in it while it was submerged under

water for saturation. A nominal surcharge of 450 gms was placed on the top porous

stone to minimize the swelling of the soil specimens due to saturation. The degree of

saturation achieved was checked using the mass-volume properties. The specimens

tested were close to 100% saturation. After saturation, the soil specimens were

centrifuged at the speed consistent with the test program. The first modified test

procedure adopted is presented in the Section 4.3 of Chapter 4.

5.5 Soil Processing for Test Series II

The soil processing procedure similar to Test series I was adopted for the soils

tested in Test series II. The Indian head till specimens were prepared at three different

initial water contents of 13%, 16.3% and 19.2%. Processed silt specimens were

prepared at the initial water content of 22%. Regina clay specimens were prepared at

the initial water content of 38%.
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5.5.1 Static Compaction

The soil specimens were statically compacted directly into the steel rings of

SOmm diameter and 12mm height. The steel mould and plunger shown in Fig. 4.8 were

used to compact the soil specimens in the steel rings. Great care was taken while

compacting the soil specimens in the steel rings such that similar specimens were

prepared.

5.5.2 Saturation of Soil Specimens and Ceramic Cylinders

After weighing the compacted specimens in the steel rings, the specimens were

covered with filter paper on the top and bottom and submerged into water bath for 36-

40 hours with porous stones on the top and bottom. A nominal surcharge of 4S0gms

was kept on the top porous stone to minimize the swelling of the soil specimens. The

ceramic cylinders were saturated using the vaccum chamber at the same time. After the

soil specimens were saturated, the centrifuge test was performed. The second modified

test procedure adopted is presented in Section 4.S ofChapter 4.

5.6 Centrifuge Test for the Ceramic Cylinders

Special ceramic cylinders were prepared for testing the soil specimens in the

centrifuge using the second modified specimen holder. The following test procedure

was adopted to obtain the soil-water characteristic curve for the ceramic cylinders using

the centrifuge
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1) All the four ceramic cylinders were first saturated in the vaccum chamber.

Only two cylinders could be tested at a time as only two specimen holders

were available.

2) The two ceramic cylinders to be tested were weighed and kept in the two

specimen holders after saturation

3) Both the ceramic cylinders were covered on the top using an aluminum foil.

4) The centrifuge was started at an initial speed of 300 rpm. After two hours of

rotation the centrifuge was stopped and both the cylinders were weighed and

kept back in the centrifuge.

5) The next step was to spin the cylinders at a higher speed of 500 rpm for two

hours. The same procedure was repeated after two hours. Both the cylinders

were taken out weighed and kept back to rotate for next two hours at a

higher speed of 1000 rpm. Thus, the cylinders were rotated for two hours

duration at each speed ranging from 300 rpm, 500 rpm, 1000 rpm, 1500 rpm

and 2000 rpm.

6) The last step was to keep the cylinders in the oven to determine the final

water content. Water contents at the other speed steps were then back

calculated from the final water content.
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5.7 Matric Suction and Water Content Determination for the Ceramic Cylinders

The following assumptions were made for obtaining the soil-water characteristic

curve for the ceramic cylinders using the centrifuge.

1) Gardner (1937) equation was used to calculate the suction in the ceramic

cylinders. The ceramic cylinders were subjected to different values of

suction for different distances from the center of rotation. Thus, the

ceramic cylinders were subjected to different suctions at the top, center

and the bottom for the same testing speed. The bottom of the ceramic

cylinder was dipped into the reference reservoir in the drainage plate.

Hence the suction value was zero at the bottom. The top and center

suction values were then averaged for plotting the soil-water

characteristic curve.

2) It was not possible however to determine the water content at the top,

center and bottom of the ceramic cylinder at the end of the test without

breaking the cylinder. The average water content value was used for the

cylinder for plotting the soil-water characteristic curve to avoid breaking

the ceramic cylinder. The soil-water characteristic curves for all the four

ceramic cylinders are shown in Fig. 6.16 in Chapter 6.

5.8 Saturated Coefficient of Permeability Test on the Ceramic Cylinders

Saturated coefficient of permeability (ksa,) of the ceramic cylinder of 60mm

height (C6o) was determined. Ceramic cylinder, C6o, was chosen for conducting the ksa'
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test as it was in good condition and was still intact after conducting all the centrifuge

tests. The other ceramic cylinders showed some cracking and crushing along the bottom

edge that was dipped into the reference water reservoir in the drainage plate.

A special plastic cylinder was fabricated to hold the ceramic cylinder. The

plastic cylinder was closed at the bottom end. The closed bottom end had a small hole at

the center to which, a mouthpiece was attached to allow the water to flow inside from

the burette. The water would then flow from the bottom of the ceramic cylinder and

come out on the top end. The ceramic cylinder was 49mm in diameter and the outer

plastic cylinder was 54mm in diameter. The side gap between both the cylinders was

filled with bentonite slurry. The side gap at the bottom and the top end of the ceramic

cylinder was filled with epoxy to prevent water from flowing out along the sides of the

ceramic cylinder. At various time intervals the drop in water level in the burette was

noted down and the ksat value then calculated. Figure.5.3 shows the complete set up for

the saturated coefficient of permeability (ksat) test on the ceramic cylinder, C60.

The measured saturated coefficient permeability (ksar) value and the soil-water

characteristic curve of the cylinder was used to calculate the unsaturated coefficient of

permeability value of the ceramic cylinder.
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Figure. 5.3 Experimental setup for the saturated coefficient of permeability test
for the C60 ceramic cylinder.
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Chapter 6

Presentation and Discussion of Results

6.1 General

The soil-water characteristic curve data obtained from the centrifuge tests for

three different compacted fine-grained soils is presented and discussed in this chapter.

The centrifuge soil-water characteristic curves are then compared with the soil-water

characteristic curves obtained using the conventional tests such as Tempe cell and

pressure plate methods. The time required to obtain the soil-water characteristic

curves using both the methods is compared.

6.2 The Test Series

The laboratory test program was divided into two parts; namely,

1) Test series I, and

2) Test series II.

6.2.1 Test Series I

The Test series I was conducted using the first modified soil specimen holder

with a movable drainage plate (Sections 4.2 and 4.3). The Test Series II was

conducted using the second modified soil specimen holder with the ceramic cylinders,

after the results of the Test Series I were not found satisfactory (Sections 4.5). Test

Series I consisted of the centrifuge tests on specimens of Indian Head till, compacted

statically at initial water content of 13% (i.e., on the dry side of optimum), 16.3%

(i.e., at optimum) and 19.2% (i.e., on the wet side of optimum).
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Centrifuge tests were performed on specimens at different speeds to obtain the

complete range of soil suction versus water content data. The typical speed range

used in the Test Series I, was 300, 500, 1000, 1500, 2000 and 2500 rpm, respectively.

The speeds used during the testing were chosen in accordance with the water holding

capacity of the soil as well as the range of suction desired. The soil-water

characteristic curve data for the range of 0 to 860 kPa was obtained using the above

testing speeds. The centrifuge soil-water characteristic curve was compared with the

soil-water characteristic curve obtained for similar soil specimens using the Pressure

plate test method.

Table 6.1 shows the suctions in the soil specimens associated with the various

testing speeds. Furthermore, at the same test speed the soil specimens in the different

rings are subjected to different suctions as the distance from the center of rotation

changes. Table 6.1 also shows the time required for the Indian Head till specimens

compacted at initial water content of 13% to attain the equilibrium conditions.

Similarly, Table 6.2 and 6.3 show the suctions in the soil specimens associated with

the various testing speeds and the time required for the Indian Head till specimens

compacted at initial water content of 16.2% and 19.3%, respectively, to attain the

equilibrium conditions.

The following tables show that the higher suction range was achieved by

increasing the testing speed (i.e., from 300 rpm to 500 rpm). The soil-water

characteristic curves for all the testing speeds were combined together to obtain the

complete soil-water characteristic curve ranging from 0 to 860 kPa.
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Table 6.1 Suction range associated with the testing speed of centrifuge for Indian

Head till specimens compacted at 13% initial water content.

Test Suction in the soil specimen Water content in the soil Equilibrium time

speed (kPa) specimen (%) (hours)

(rpm) 2nd 3rd 4th 5th 2nd 3rd 4th s" 2nd & 3rd 4th & s"
ring ring ring ring ring ring ring ring ring ring

300 6.04 8.38 10.51 12.41 20.46 20.74 19.93 20.09 8 hrs 12 hrs

500 16.69 23.18 29.06 34.32 20.09 20.06 19.53 20.74 8.5 hrs 7.5 hrs

1000 67.11 93.26 116.8 138.0 17.74 17.92 18.05 18.28 9 hrs 9 hrs

1500 151.1 210.0 263.1 310.8 16.08 16.15 16.37 16.46 10 hrs 9 hrs

2000 268.7 373.3 467.7 552.5 15.29 15.49 15.70 15.77 11 hrs 11 hrs

2500 420.0 583.6 731.1 863.6 14.77 15.20 14.60 14.59 14 hrs 17.5 hrs

Table 6.1 shows that the time required to obtain the soil-water characteristic

curve (ranging from 0 to 860kPa) for the Indian Head till specimens compacted at

initial water content of 13% was 126.5 hours or just over 5 days.

Table 6.2 Suction range associated with the testing speed of centrifuge for Indian

Head till specimens compacted at 16.2% initial water content.

Test Suction in the soil specimen Water content in the soil Equilibrium time

speed (kPa) specimen (%) (hours)
(rpm) 2nd 3rd 4th s" 2nd 3rd 4th s" 2nd & 3rd 4th & s"

rlnz rinz rina rin2 rina rina rin2 ring rin2 rmg
300 6.04 8.38 10.51 12.41 21.07 21.03 20.72 20.68 9 hrs 15 hrs

500 16.69 23.18 29.06 34.32 19.92 20.16 20.21 20.55 11.5 hrs 14.5 hrs

1000 67.11 93.26 116.8 138.0 19.49 19.45 18.06 18.20 20.5 hrs 27 hrs

1500 151.1 210.0 263.1 310.8 18.15 18.19 18.39 18.43 24.15 hrs 33.5 hrs

2000 268.7 373.3 467.7 552.5 17.04 17.23 17.26 17.15 26 hrs 31 hrs

2500 420.0 583.6 731.1 863.6 15.39 15.43 15.74 15.68 20 hrs 24.5 hrs
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Table 6.3 Suction range associated with the testing speed of centrifuge for Indian

Head till specimens compacted at 19.3% initial water content.

Test Suction in the soil specimen Water content in the soil Equilibrium time

speed (kPa) specimen (%) (hours)

(rpm) 2nd 3rd 4th s" 2nd 3rd a" 5th 2nd & 3rd 4th & 5th
ring ring ring ring ring ring ring ring ring ring

300 6.04 8.38 10.51 12.41 21.94 22.14 21.46 20.75 22.5 hrs 54 hrs

500 16.69 23.18 29.06 34.32 21.50 21.61 21.0 20.47 25 hrs 57 hrs

1000 67.11 93.26 116.8 138.0 19.41 19.26 19.67 19.66 51.5 hrs 63 hrs

1500 151.1 210.0 263.1 310.8 17.96 18.57 18.59 18.77 36 hrs 53 hrs

2000 268.7 373.3 467.7 552.5 17.68 17.88 18.10 18.02 49 hrs 70 hrs

2500 420.0 583.6 731.1 863.6 16.40 16.68 16.52 16.86 47 hrs 73 hrs

Table 6.2 shows that the time required to obtain the soil-water characteristic

curve (ranging from 0 to 860 kPa) for the Indian Head till specimens compacted at

initial water content of 16.3 was 256.5 hours or almost II days. Table 6.3 shows that

the time required to obtain the soil-water characteristic curve (ranging from 0 to

860kPa) for the Indian Head till specimens compacted at initial water content of

19.2% was 601 hours or 25 days.

Table 6.4 summarizes the equilibrium times required for the Indian Head Till

specimens compacted at three different initial water contents, to obtain the centrifuge

soil-water characteristic curves for a suction range of 0 to 860 kPa. Figures 6.1 to 6.6

show the soil-water characteristic curves for the three types of Indian Head till

specimens (compacted at initial water contents of 13%, 16.3% and 19.2%),

centrifuged at the test speeds of 300, 500, 1000, 1500, 2000 and 2500 rpm,

respectively. The complete centrifuge soil-water characteristic curves (ranging from 0

to 860 kPa) for the three types of Indian Head till specimens (compacted at initial
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water contents 13%, 16.3% and 19.2%) are shown in Fig. 6.7, Fig. 6.8 and Fig. 6.9,

respectively. The soil-water characteristic curves for the test speeds from 300 to 2500

rpm were combined together to obtain the complete centrifuge soil-water

characteristic curves (ranging from 0 to 860 kPa). The measured centrifuge soil-water

characteristic curves were compared with the soil-water characteristic curves obtained

by Vanapalli (1994) for the same soil with similar initial water contents and dry

density conditions using pressure plate apparatus.

Table 6.4 Equilibrium times required for three different types of Indian Head till

specimens.

S.no Test Specimens Specimens Specimens
Speed compacted at dry compacted at compacted at wet

(rpm) of optimum Optimum of optimum
(13% wc) (16.3% wc) (19.2% wc)
Ring No. Ring No. Ring No.

2 I 3 4 I 5 2 I 3 4 I 5 2 I 3 4 I 5

1 300 8 hrs 12 hrs 9 hrs 15 hrs 22.5 hr 54 hrs

2 500 8.5 hrs 7.5 hrs 11.5 hr 14.5 hrs 25 hrs 57 hrs

3 1000 9 hrs 9 hrs 20.5 hr 27 hrs 51.5 hr 63 hrs

4 1500 10 hrs 9 hrs 24 hrs 33.5 hrs 36 hrs 53 hrs

5 2000 11 hrs 11 hrs 26 hrs 31 hrs 49 hrs 70 hrs

6 2500 14 hrs 17.5 hrs 20 hrs 24.5 hrs 47 hrs 73 hrs

Total time 126.5 hrs 256.5 hrs 601 hrs

required ___. ( 5 days) (11 days) (25 days)

Fig. 6.7, Fig. 6.8 and Fig.6.9 show that the soil-water characteristic curves

obtained using the centrifuge differ from the pressure plate results. The water content

was found to be increasing with the increase in the matric suction in the soil
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specimens using the centrifuge. This trend was consistently observed for all the three

types of soil specimens of Indian Head till.

Veri fications resulted in the identity of a 50 kPa ceramic disk used in the

drainage plate of the specimen holder. The discrepancies in the results between the

centrifuge and pressure plate tests may be attributed to the low air entry value of the

ceramic disk. The 50 kPa ceramic disk in the movable drainage plate was replaced

with a 500 kPa ceramic disk. An air-gap between the porous stone and the

surrounding aluminum ring was also noticed as shown in Fig. 4.1.

The air gap was sealed with epoxy. Some tests were repeated with the 500 kPa

porous stone but similar trends in the test results were obtained. Later it was found

that the specimen holder designed by Skibinsky (1996) had a fundamental design

fault. There was no hydraulic connection between the free water surface and the pore

water of the soil specimen in the holder designed by Skibinsky (1996) as well as the

first modified specimen holder.

Hence, a second modification was undertaken in the specimen holder. Later

verifications also found that the grain size analysis of soil used by Vanapalli (1994)

was slightly different from the soil used in this study. Hence, Tempe cell tests were

conducted on the similar Indian Head till specimens compacted at initial water

content of 13%,16.3% and 19.2%, respectively. It was more rational to compare the

measured centrifuge soil-water characteristic curve data with the data collected using

the Tempe cell test for the similar soil specimens. A second test program (Test Series

II) was hence undertaken.
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Indian Head till specimens of 50 mm diameter and 10 mm height with three

different initial water contents of 13%, 16.3% and 19.2% were statically compacted and

saturated in the water bath for 48 hours. Tempe cell tests were conducted on these three

types of soil specimens using the standard Tempe cell test procedure. The time required

to measure the soil-water characteristic curves (ranging from 0 to 500 kPa) for the

Indian Head till specimens compacted at initial water content of 13%, 16.3% and 19.2%

was 4, 5 and 6 weeks respectively. The soil-water characteristic curves measured using

the Tempe cell were compared with the centrifuge soil-water characteristic curves

measured using the second modified test procedure and a redesigned soil specimen

holder. The details about the second modification in the centrifuge test procedure and

further changes in the design of the specimen holder were presented in Chapter 4.

6.2.2 Test Series II

The Test Series II consisted of the following tests:

1) Centrifuge tests on Indian head till specimens compacted statically at

initial water contents of 13 % (dry side of optimum), 16.3% (optimum)

and 19.2% (wet side of optimum).

2) Centrifuge tests on specimens of Processed silt compacted statically at

initial water content of 22%.
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3) Centrifuge tests on specimens of Regina clay compacted statically at

initial water content of 38%.

4) Centrifuge tests on the specially manufactured ceramic cylinders.

5) Saturated coefficient of permeability (ksat) test on the ceramic cylinder.

Centrifuge tests were performed on statically compacted soil specimens at the

speeds ranging from 300, 500, 1000, 1500, 2000 to 2500 rpm, respectively. The

complete centrifuge soil-water characteristic curve (ranging from 0 to 500 kPa) was

obtained using combination of four different ceramic cylinders and six different test

speeds, in two test runs. In the first test run, 15 mm and 45 mm ceramic cylinders were

used. The data points belonging to first test run are represented by the hollow circles on

the graphs.

In the second test run, 30 mm and 60 mm ceramic cylinders were used. The data

points belonging to the second test run are represented by solid circles on the graphs.

The measured centrifuge soil-water characteristic curves were compared with the soil

water characteristic curves obtained for the similar soil specimens using the Tempe cell

method. Table 6.5 shows the equilibrium time required by all three types of the Indian

Head till specimens when tested in the centrifuge adapting the second modified

specimen holder and the new test procedure.
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Table 6.6 shows the equilibrium time required by the Processed silt specimens.

Table 6.7 and 6.8 shows the equilibrium times required by the Regina clay specimens

when tested in the centrifuge.

Table 6.5 Equilibrium time required by the Indian Head till specimens

Initial w/c at Specimens in Ceramic *Speed Time of

compaction ring cylinders increments equilibrium
13% 1 st and 3fd CIS and C4S 10 hrs

13% 2na and 41h C30 and C60 0,300,500, 14 hrs

16.3% 1 SI and 3fd CIS and C45 1000,1500 10.5 hrs

16.3% 2nd and 4th C30 and C60 & 2000 rpm 10 hrs

19.2% 1 st and yd CIS and C4S 11 hrs

19.2% 2nd and 4th C30 and C60 11 hrs

*Speed increment done after two to three hours ofcentrifugation.

Table 6.6 Equilibrium time required by the Processed silt specimens.

Initial w/c at Specimens Ceramic *Speed Time of

compaction in ring cylinders increments equilibrium
22% 1 st and 3fd CIS and C45 0,300,500, 5 hrs

22% 2nd and 4th C30 and C60 1000,1500, 6 hrs

2000 rpm

*Speed increment done after an hour ofcentrifugation.

Table 6.7 Equilibrium time required by 1 st Regina clay test specimens.

Initial w/c at Specimens Ceramic *Speed Time of

compaction in ring cylinders increments equilibrium
38% 1 st and 3fd CIS and C45 0,300,500, 12 hrs

38% 2nd and 4th C30 and C60 1000,1500, 10 hrs

2000, rpm

• Speed increment done after every two hours ofcentrifugation.
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Table 6.8 Equilibrium time required by 2nJ Regina clay test specimens.

Initial w/c at Specimens Ceramic *Speed Time of

compaction in ring cylinders increments equilibrium
38°/'0 1

st and 3Td C)5 and C45 0,300,500, 23.5 hrs

38�o 2ncl and 41h c., and C6(J 1000,1500, 24 hrs

2000,2500rpm
* Speed increment done afterfour hrs (for 300,5()O rpm), six hrs
(for 1 O()O, I50() rpm), eight hrs (for 2()()()rpm), and len hrs (/01' 25()() rpm).

Table 6.5 shows that for all the three types of Indian Head till specimens

(compacted at the initial water content of 13%, 16.3% and 19.2%) the centrifuge soil-

water characteristic curve (ranging from 0 to 500kPa) required only 24 hours. Thus, it

was possible to obtain the soil-water characteristic curve for three different types of

Indian Head till specimens in 24 hours using the second modified centrifuge test

procedure. Figures 6.10, 6.11 and 6.12 show the comparison between the soil-water

characteristic curves for the three types of Indian Head till specimens (19.2%, 16.3%

and 13%, initial water contents) measured using Tempe cell and the centrifuge.

The time required for similar Indian Head till specimens with 13%, 16.3% and

19.2% initial water contents, to obtain the soil-water characteristic curves for the same

suction range using the Tempe cell was 4, 5 and 6 weeks, respectively. The reason for

such variations in time intervals for measuring soil-water characteristic curves using

Tempe cell is associated with the structure induced to the soil by initial water content.

The initial water content, compaction procedures and the stress history influence the

soil-water characteristic curve behavior of compacted, fine-grained soils (Vanapalli

1999).
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For specimens compacted at 19.2�o (wet of optimum) the microstructure

controls the desaturation behavior. The pore spaces are in a state of occluded condition.

Thus, these soils have higher moisture retention capacity. There is a good correlation

between the soil-water characteristic curves obtained by both the methods for 19.3%

(wet of optimum) specimens as the dry densities and the initial water contents were

similar for the specimens (Figure 6.10).

A fine-grained soil compacted at dry of optimum initial water content conditions

has an open structure with relatively large interconnected pores like a granular soil

(Figure 6.12). Macro structure controls the desaturation behavior of the soil-water

characteristic curve for the soil specimen tested at this water content. The difference in

the soil-water characteristic curves measured by both the methods for the 13% (dry of

optimum) specimens is mainly seen in the low suction regions of the curve. This

behavior can be attributed to the differences in the initial water content conditions. The

results suggest that initial compacted water content is sensitive to the soil-water

characteristic curve behavior in dry of optimum conditions. The soil-water

characteristic curves by both the methods for the specimens compacted at 16.3% (at

optimum) lie in between these two types of structures (Figure 6.11).

Table 6.6 shows that the soil-water characteristic curve ranging from 0 to 500

kPa required only 12 hours for the Processed silt specimens. Figure 6.13 shows the

comparison between the soil-water characteristic curves for Processed silt measured

using Tempe cell and the centrifuge. The soil-water characteristic curves were measured

using Tempe cell on the Processed silt specimens compacted at an initial water content

of 23% and dry density, Pd, of 1.68 Mglm3 in two weeks time (Wright 1999). Whereas,
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the time period required for obtaining the soil-water characteristic curve for Processed

silt specimens compacted at an initial water content of 22% and dry density, Pd, of I.S7

Mg/m
'

using the centrifuge method was only 12 hours. The small differences in the

soil-water characteristic curves behavior for the Processed silt specimens may be

associated with the differences in the dry densities and initial water contents at which

the silt specimens were prepared.

Table 6.7 shows the details of the first Regina clay specimens tested in the

centrifuge. The soil-water characteristic curve ranging from 0 to SOOkPa required only

22 hours. For each test speed, the Regina clay specimens were centrifuged only for two

hours. Due to the low permeability of the Regina clay it was not possible for the

specimens to attain the equilibrium conditions in two hours for higher matric suction

values above the air entry value.

Thus, to study the effect of time of centrifugation on the equilibrium water

content, a second batch of Regina clay specimens was tested. Regina clay specimens

were centrifuged for four hours at 300 rpm, SOO rpm, 1000 rpm, six hours at IS00 rpm,

for eight hours at 2000 rpm and for ten hours at 2S00 rpm. The increase in the time of

rotation resulted in the decrease in the respective water content for the respective matric

suction data points beyond the air entry value as seen in Fig. 6.14. Table 6.8 shows that

the second Regina clay test specimens required 47.S hours to measure a soil-water

characteristic curve ranging from 0 to SOOkPa. Figure 6.1S shows the comparison

between the soil-water characteristic curve for Regina clay specimens measured using

the pressure plate (Shuai 1996) and the centrifuge method. A time period of 16 weeks

was required to obtain the soil-water characteristic curve using pressure plate apparatus
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(Shuai 1996). The differences in soil-water characteristics are mainly due to the

variations in initial water content conditions. Table 6.9 shows the time required by all

the three types of soils to obtain the centrifuge as well as the Tempe cell and pressure

plate soil-water characteristic curves.

Table 6.9 Time periods to obtain the soil-water characteristic curve using the

centrifuge and the conventional test methods.

Test method Processed Indian Head till Regina clay
silt Dry of At Wet of

Optimum Optimum Optimum.

Centrifuge
(time in hours) 12 24 24 24 48

Tempe cell

(time in weeks) 2 * 4 5 6 16 *

* Processed silt test byWright (1999) and *Regina clay test by Shuai( 1996).

6.2.3 Soil-water characteristic curves for the ceramic cylinders
Table 6.10 shows the details of the centrifuge tests performed on the specially

manufactured ceramic cylinders. The test procedure adopted and the details about the

soil-water characteristic curves for the ceramic cylinders are presented in Chapter 5.

Table 6.10 Details of the centrifuge test on the ceramic cylinders.

Ceramic Speed Time of

cylinders increments equlibrium

CIS 0,300,500, 10 hrs

C4S 1000,1500, 10 hrs

C30 2000 rpm 10 hrs

C60 10 hrs

*Speed increment done after two hrs of centrifugation

Figure 6.16 shows the centrifuge soil-water characteristic curves for the ceramic

cylinders of 15mm, 30mm, 45mm and 60mm heights, respectively. For plotting the
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the centrifuge soil-water characteristic curves for the ceramic cylinders, the average

matric suction values and average water content values were used. The cerarmc

cylinders were subjected to different suction values at the top, center and the bottom in

the centrifuge. As the bottom part of the cylinder was dipped in the free water surface

reservoir, the suction value was zero at the bottom. To avoid cutting the cylinders after

the test, the average water content values were used in plotting the soil-water

characteristic curves, and hence, the matric suction values were also averaged. The top

and the center matric suction values were averaged.

The main advantage of the centrifuge method over the conventional test method

is that, using the low air-entry value solid ceramic cylinders, it is possible to measure

the soil suction values higher than the air-entry value of the ceramic cylinders. This is

not possible in the conventional test methods such as Pressure plate and Tempe cell.

6.2.4 Saturated coefficient of permeability test on ceramic cylinder
Saturated coefficient of permeability test was conducted on the ceramic cylinder

of 60mm height (C60). The test procedure adopted to conduct the ksat test on the ceramic

cylinder C60 is presented in Chapter 5. The saturated coefficient of permeability (ksa,)

value for the ceramic cylinder was found to be equal t03.195 x 10-9 m/s. This k.w' value

was used along with the soil-water characteristic curve for the ceramic cylinder C60 to

calculate the unsaturated coefficient of permeability of the ceramic cylinder. This

unsaturated coefficient of permeability value was supposed to be used in the SEEP/W

program for modeling the flow in the ceramic cylinders rotating in the centrifuge. The

modeling was not completed in the scope of this thesis as anticipated and hence noted in

the recommendations chapter of the thesis.
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Chapter 7

Conclusions and Recommendations

The following conclusions were derived from the research program undertaken

during the course of this study. Several recommendations for further studies are also

provided. It is likely that a better understanding of the soil-water characteristic curve

and unsaturated soil behavior would be possible by undertaking the recommended

studies.

7.1 Conclusions

1) Multiple data points for the soil-water characteristic curve for statically

compacted, fine-grained soils can be obtained using commercially

available small-scale centrifuge. Special specimen holders along with the

ceramic cylinders have to be designed and used for this purpose. In this

study, twelve water content versus suction data points were obtained in a

single test run using two specimen holders placed in opposite centrifuge

buckets. Thirty-six water content versus suction data points can be obtained

for the soil-water characteristic curve if all the six centrifuge buckets are

used with specimen holders by varying the speed six times. The range of

suction that can be induced in the specimens 50 mm diameter and 12 mm

height using the available small-scale centrifuge is 0 to 2800 kPa.

2) The soil-water characteristic curves can be measured for both the coarse

grained and fine-grained soils in a relatively shorter period of time using

the small-scale centrifuge in comparison to the conventional pressure plate

and Tempe cell methods. The soil-water characteristic curves were
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measured for three different fine-grained soils for a suction range of 0 to

500 kPa in this research program. The three different fine-grained soils are

the Processed Silt (H'L = 24 %, I" = 0, and Clay = 7%), Indian Head Till (WL

= 35.5%, I" = 17%, and Clay = 30%) and Regina Clay (WI = 75.5% and I"

= 21%, and Clay = 70%). The soil-water characteristic curves were

measured in 12, 24 and 48 hours using the centrifuge technique for

Processed silt, Indian Head till and Regina clay, respectively. A time

period of 2,4 to 6 and 16 weeks were required for measuring the soil-water

characteristic curves for the same soils using conventional pressure plate

and Tempe cell apparatus. The faster centrifuge method can be thus used

easily, resulting in considerable savings in time and costs in comparison to

the conventional laboratory investigation methods.

3) Two hours of centrifugation time was found to be sufficient for Processed

Silt and Indian Head till specimens to reach the equilibrium conditions

using small-scale centrifuge for a suction range between 0 to 500 kPa. This

centrifugation time is likely to be sufficient for soils that are finer than

Indian Head till. The specimens used in the study were 12 mm in height

and 50 mm in diameter. The centrifugation time increases with the

percentage of fines present in the soil. Test results for the Regina clay show

that 2 to 4 hours of centrifugation is sufficient to attain the equilibrium

conditions for suction values up to 40 kPa. For suction range between 50 to

500 kPa 6 to 8 hours of centrifugation time is sufficient to attain the

equilibrium conditions.
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4) The upper limit data point that can be measured for soil-water

characteristic curve is equal to the air-entry value of the ceramic disk using

conventional Pressure plate and Tempe cell methods. However, it is

possible to induce a suction value in the soil specimens greater than the air

entry value of the solid ceramic cylinder in the centrifuge method.

5) The centrifuge method can also be used to measure the soil-water

characteristic curves for other solid, porous materials such as ceramic

cylinders and matric suction sensors. In this study, the soil-water

characteristic curves for soil ceramic cylinders were measured using the

centrifuge.

7.2 Recommendations for further studies

1) Gardner's (1937) equation has been used by earlier researchers to measure a

known value of suction in the soil specimen using the centrifuge technique

(Russell and Richards, 1938; Hassler and Brunner, 1945; Croney et al,

1952; and Skibinsky 1996). It would be interesting to measure the suction

in the specimen using filter paper method and axis translation technique for

various soils to counter check the suction in the soil specimen after

subjected to centrifugation. Such comparisons would provide useful

information to better understand the limitations and validity of the

equation.

2) Gardner's (1937) equation can also be verified by undertaking comparative

studies using relatively larger size soil specimens in large centrifuges with

pore-pressure transducers in the soil specimens, to measure the suction
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simultaneously during the test. Such studies will be valuable to model the

influence of environmental variances on the unsaturated flow behavior of

soils. Numerical techniques can be developed based on such studies to

model the engineering behavior of unsaturated soils.

3) It is likely that errors do arise in the measurement of soil-water

characteristic curve behavior due to the radial effects using the small-scale

centrifuge. The centrifuge soil-water characteristic curves are to be

corrected to take into account of the radial effects, particularly for large

size diameter specimens. These problems can be alleviated to a greater

extent using smaller diameter soil specimens in the small-scale centrifuge.

Centrifuge data massaging is to be done to correct the centrifuge soil-water

characteristic curves. Various data reduction methods have been proposed

by researchers in the Oil Industry to correct the centrifuge data which can

be used to obtain accurate centrifuge soil-water characteristic curves.

4) The modeling of flow through the ceramic cylinders could not be done

using the SEEPIW program. The centrifugal force varies throughout the

height of the soil specimen as well as the ceramic cylinders. A software

which can take into account the change in the centrifugal force with respect

to the distance from the center of rotation has to be used for the purpose of

modeling the flow through the ceramic cylinders.
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APPENDIX A

TEST SERIES I DATA FOR INDIAN HEAD TILL SPECIMEN

(13% INITIAL WATER CONTENT)



Centrifuge tests on Indian Head Till samples compacted on dry of optimum w/c

Date: 23/5/97

Speed: 2500 rpm
Start time: 5.30 am

End time: 11:00 PM

Eqbl time: 17.5 hrs

For HI: Ring = 4 from bottom

For H 2: Ring = 5 from bottom

1) Wt. of saturated ring in HI :

2) Wt. of saturated ring in H2 :

3) Wt. of sat porous stone in HI:

4) Wt, of sat porous stone in H2:

5) Wt. of holder 1 :

6) Wt. of holder 2 :

7) Wt. of H1+ reservoir cup:
8) Wt. of H2+ reservoir cup:

Time Holder 1 Holder 2 HI w loss H2 w loss HI tot loss H2 tot loss
5.30 am 1238.34 1237.79 13.62 12.35

7.30 am 1224.72 1225.44 1.93 1.74
9.30 am 1222.79 1223.7 1 0.76
11.30 am 1221.79 1222.94 0.4 0.4 17.77 10.31

1.30 pm 1221.39 1222.54 0.22 0.51
3.30 pm 1221.17 1222.03 0.3 0.36

7.30 pm 1220.87 1221.67 0.3 0.19

11:00 PM 1220.57 1221.48

Before After Loss

279.48 270.81 8.67
279.04 270.61 8.43
93.6 84.45 9.15
95 86.8 8.2

1238.34 1220.57 17.77

1237.79 1221.48 16.31

1606.46 1593.37 13.09

1608.67 1596.5 12.17

1) Wt of wet HI ring:
2) Wt of wet H2 ring:
3) Wt of dry HI ring:
4) Wt of dry H2 ring:
5) Wt of wet HI soil:

6) Wt of wet H2 soil :

7) Wt of dry HI soil :

8) Wt of dry H2 soil:

9) Water content HI :

10) Water content H2

274.R

274.59

257.14

250.94

13R.5R

13R.5R

120.92

120.93

14.o00,j)

14.59°/'0



Centrifuge tests on Indian Head Till samples compacted on dry of optimum wlc

Date: 20/5/97

Speed: 2500 rpm
Start time: 9:00 AM

End time: 11:00 PM

Eqbl time: 14 hrs

For HI: Ring = 2 from bottom

For H 2: Ring = 3 from bottom

I) Wt. of saturated ring in HI :

2) Wt. of saturated ring in H2 :

3) Wt. of sat porous stone in HI:

4) Wt. of sat porous stone in H2:

5) Wt. of holder 1 :

6) Wt. of holder 2 :

7) Wt. of H1+ reservoir cup:

8) Wt. of H2+ reservoir cup:

Time Holder 1 Holder 2 HI w loss H2 w loss HI tot loss H2 tot loss

9:00 AM 1239.53 1242.43 14.37 16.62

II:OOAM 1225.16 1225.81 5.04 2.59

1:00 PM 1220.12 1223.22 1.31 1.22

3:00 PM 1218.81 1222 0.92 0.99 22.6 22.32

5:00 PM 1217.89 1221.01 0.89 0.84

9:00 PM 1217 1220.17 0.07 0.06

11:00 PM 1216.93 1220.11

Before After Loss

280.89 270.66 10.23

283.26 271.02 12.24

94.25 82.5 11.75

95.92 84.93 10.99

1239.53 1216.93 22.6

1242.43 1220.11 22.32

1607.54 1600.5 7.04

1613.13 1602.06 11.07

2

10) Water content H2 � 15.20%

1) Wt of wet HI ring:
2) Wt of wet H2 ring:
3) Wt of dry HI ring:
4) Wt of dry H2 ring:
5) Wt of wet HI soil :

6) Wt of wet H2 soil :

7) Wt of dry HI soil :

8) Wt of dry H2 soil :

9) Water content HI :

274.65

275

256.75

256.6

138.67

139.02

120.82

120.67

14.77°-0



Centrifuge tests on Indian Head Till samples compacted on dry of optimum w/c

Date: 16/5/97

Speed: 2000 rpm
Start time: 8.30 am

End time: 7.30 pm

Eqbl time: 11 hrs

For HI: Ring = 4 from bottom

For H 2: Ring = 5 from bottom

1) Wt, of saturated ring in HI :

2) Wt. of saturated ring in H2 :

3) Wt. of sat porous stone in HI:

4) Wt. of sat porous stone in H2:

5) Wt, of holder 1 :

6) Wt. of holder 2 :

7) Wt. of H1+ reservoir cup:

8) Wt. of H2+ reservoir cup:

Time Holder 1 Holder 2 HI w loss H2 w loss HI tot loss H2 tot loss

8.30 am 1239.18 1239.84 9.4 9.4

10.30 am 1229.78 1230.44 1.64 1.41

12.30 pm 1228.14 1229.03 0.71 0.83

2.30 pm 1227.43 1228.2 0.41 0.55 12.76 12.65

4.30 pm 1227.02 1227.65 0.43 0.34

6.30 pm 1226.59 1227.31 0.17 0.12

8.30 pm 1226.42 1227.19

Before After Loss

280.52 270.95 9.57

281 271.62 9.38

93.5 89.67 3.83

94.91 91.47 3.44

1239.18 1226.42 12.76

1239.84 1227.19 12.65

1607.5 1597.98 9.52

1610.61 1601.23 9.38

3

1) Wt of wet HI ring:
2) Wt of wet H2 ring:
3) Wt of dry HI ring:
4) Wt of dry H2 ring:
5) Wt of wet HI soil:

6) Wt of wet H2 soil:

7) Wt of dry HI soil :

8) Wt of dry H2 soil :

9) Water content HI :

10) Water content H2

274.89

275.56

256.07

256.55

138.65

139.53

119.83

120.52

15.70°/'0

15.77%



Centrifuge tests on Indian Head Till samples compacted on dry of optimum w/c

Date: 12-May-97
Speed: 2000 rpm
Start time: 8.45 am

End time: 7.45 am

Eqbl time: 11 hrs

For HI: Ring = 2 from bottom

For H 2: Ring = 3 from bottom

1) Wt. of saturated ring in HI :

2) Wt. of saturated ring in H2 :

3) Wt, of sat porous stone in HI:

4) Wt. of sat porous stone in H2:

5) Wt. of holder 1 :

6) Wt. of holder 2 :

7) Wt. of H1+ reservoir cup:

8) wt, of H2+ reservoir cup:

Time Holder 1 Holder 2 HI w loss H2 w loss HI tot loss H2 tot loss
8.45 am 1237.54 1240.11 11.07 9.83

10.45 am 1226.47 1230.28 1.24 2.08

12.45 pm 1225.23 1228.2 0.78 0.92

2.45 pm 1224.45 1227.28 0.42 0.42 13.97 13.76

4.45 pm 1224.03 1226.86 0.24 0.31

6.45 pm 1223.79 1226.55 0.22 0.2

7.45 pm 1223.57 1226.35

Before After Loss

280.06 271.1 8.96

280.94 271.39 9.55

93.5 88.48 5.02

95 90.8 4.2

1237.54 1223.57 13.97

1240.11 1226.35 13.76

1605.44 1600.84 4.6

1611.02 1603.46 7.56

4

1) Wt of wet HI ring:
2) Wt of wet H2 ring:
3) Wt of dry HI ring:
4) Wt of dry H2 ring:
5) Wt of wet HI soil :

6) Wt of wet H2 soil:

7) Wt of dry HI soil :

8) Wt of dry H2 soil :

9) Water content HI :

10) Water content H2 .,

275.06

275.38

256.63

256.69

138.96

139.29

120.53

120.6

15.29%

15.49%



Centrifuge tests on Indian Head Till samples compacted on dry of optimum w/c

Date: 9-May-97
Speed: 1500 rpm
Start time: 9.00 am

End time: 6.00 pm

Eqbl time: 9 hrs

For HI: Ring = 4 from bottom

For H 2: Ring = 5 from bottom

1) Wt. of saturated ring in HI :

2) Wt. of saturated ring in H2 :

3) Wt, of sat porous stone in HI:

4) wt. of sat porous stone in H2:

5) Wt. of holder 1 :

6) Wt. of holder 2 :

7) Wt. of HI + reservoir cup:
8) Wt. of H2+ reservoir cup:

Time Holder 1 Holder 2 HI w loss H2 w loss HI tot loss H2 tot loss

9:00 AM 1241.98 1243.75 6.57 6.43

11:00 AM 1235.41 1237.32 1.29 2.37

1:00 PM 1234.12 1234.95 1.19 0.41 9.33 9.49

3:00 PM 1232.93 1234.54 0.2 0.18

5:00 PM 1232.73 1234.36 0.08 0.1

6:00 PM 1232.65 1234.25

Before After Loss

283.67 274.38 9.29

283.14 274.44 8.7

94.4 92.93 1.47

95.89 94.58 1.31

1241.98 1232.65 9.33

1243.75 1234.26 9.49

1610.08 1603.91 6.17

1614.66 1607.79 6.87

5

1) Wt of wet HI ring:
2) Wt of wet H2 ring:
3) Wt of dry HI ring:
4) Wt of dry H2 ring:
5) Wt of wet HI soil :

6) Wt of wet H2 soil :

7) Wt of dry HI soil :

8) Wt of dry H2 soil :

9) Water content HI :

10) Water content H2 .

278.38

278.41

258.38

258.28

142.16

142.4

122.16

122.27

16.37%

16.46%



Centrifuge tests on Indian Head Till samples compacted on dry of optimum wlc

Date: 5-May-97
Speed: 1500 rpm
Start time: 9:00 AM

End time: 7pm
Eqbl time: 10 hrs

ForHI: Ring = 2 from bottom

For H 2: Ring = 3 from bottom

1) Wt. of saturated ring in HI :

2) Wt, of saturated ring in H2 :

3) Wt. of sat porous stone in HI:

4) Wt. of sat porous stone in H2:

5) Wt. of holder 1 :

6) Wt. of holder 2 :

7) Wt. of H 1+ reservoir cup:
8) wt, of H2+ reservoir cup:

Time Holder 1 Holder 2 HI w loss H2 w loss HI tot loss H2 tot loss
9:00 AM 1242.64 1242.87 7.39 6.77

11:00 AM 1235.25 1236.1 1.35 1.34

1:00PM 1233.9 1234.76 1.04 0.9

3:00 PM 1232.86 1233.86 0.52 0.99 10.46 10.34
5:00 PM 1232.34 1232.87 0.1 0.28

6:00 PM 1232.24 1232.59 0.06 0.06

7:00 PM 1232.18 1232.53

Before After Loss

285.28 275.42 9.86
285.04 275.43 9.61
93.4 91.83 1.57

94.98 93.34 1.64
1242.64 1232.18 10.46
1242.87 1232.53 10.34

1610.75 1608.24 2.51
1613.69 1608.82 4.87

6

10) Water content H2 � 16.15%

1) Wt of wet HI ring:
2) Wt of wet H2 ring:
3) Wt of dry HI ring:
4) Wt of dry H2 ring:
5) Wt of wet HI soil :

6) Wt of wet H2 soil :

7) Wt of dry HI soil :

8) Wt of dry H2 soil:

9) Water content HI :

279.32

280.01

259.46

260.07

143.32

143.35

123.46

123.41

16.08%



Centrifuge tests on Indian Head Till samples compacted on dry of optimum wlc

Date: 2-May-97
Speed: 1000 rpm
Start time: 9:00 AM

End time: 6:00 PM

Eqbl time: 9 hrs

For HI: Ring = 4 from bottom

For H 2: Ring = 5 from bottom

1) Wt. of saturated ring in HI :

2) Wt. of saturated ring in H2 :

3) Wt. of sat porous stone in HI:

4) Wt. of sat porous stone in H2:

5) Wt. of holder 1 :

6) Wt. of holder 2 :

7) Wt. of H1+ reservoir cup:

8) Wt. of H2+ reservoir cup:

Time Holder 1 Holder 2 HI w loss H2 w loss HI tot loss H2 tot loss

9:00 AM 1243.84 1242.14 4.62 5.05

11:00 AM 1239.22 1237.09 1.73 1.23

I :00 PM 1237.49 1235.86 0.13 0.13 7.19 6.75

3:00 PM 1237.36 1235.73 0.63 0.27

5:00 PM 1236.73 1235.46 0.08 0.07

6:00 PM 1236.65 1235.39

Before After Loss

283.77 276.56 7.21

282.94 276.44 6.5

95.9 95.25 0.65

94.55 93.77 0.78

1243.84 1236.65 7.19

1242.14 1235.39 6.75

1612.09 1607.44 4.65

1612.99 1608.92 4.07

7

1) Wt of wet HI ring:
2) Wt of wet H2 ring:
3) Wt of dry HI ring:
4) Wt of dry H2 ring:
5) Wt of wet HI soil :

6) Wt of wet H2 soil :

7) Wt of dry HI soil :

8) Wt of dry H2 soil :

9) Water content HI :

10) Water content H2 .,

280.46

281.01

258.39

258.69

144.32

144.41

122.25

122.09

18.05°;'0

18.28%



Centrifuge tests on Indian Head Till samples compacted on dry of optimum w/c

Date: 28/4/97

Speed: 1000 rpm
Start time: 9:00AM
End time: 6:00 PM

Eqbl time: 9 hrs
ForHI: Ring = 2 from bottom

For H 2: Ring =3 from bottom

Time Holder 1 Holder 2 HI w loss H2 w loss HI tot loss H2 tot loss
9:00 AM 1241.44 1243.83 5.41 5.24

11:00 AM 1236.03 1238.59 1.87 1.9

1:00 PM 1234.16 1236.69 0.22 0.18 7.58 7.53
3:00 PM 1233.94 1236.51 0.04 0.17

5:00 PM 1233.9 1236.34 0.04 0.04
6:00 PM 1233.86 1236.3

1) Wt. of saturated ring in HI :

2) Wt. of saturated ring in H2 :

3) Wt. of sat porous stone in HI:

4) Wt. of sat porous stone in H2:

5) Wt. of holder 1 :

6) Wt. of holder 2 :

7) Wt. of HI+ reservoir cup:
8) Wt. of H2+ reservoir cup:

Before After Loss

283.62 276.07 7.55

284.45 276.92 7.53

167.11 166.07 1.04

169.37 168.39 0.98
1241.44 1233.86 7.58
1243.83 1236.3 7.53

1609.48 1604.81 4.67

1614.96 1610.9 4.06

8

1) Wt of wet HI ring:
2) Wt of wet H2 ring:
3) Wt of dry HI ring:
4) Wt of dry H2 ring:
5) Wt of wet HI soil:

6) Wt of wet H2 soil :

7) Wt of dry HI soil :

8) Wt of dry H2 soil :

9) Water content HI :

10) Water content H2

280

281.53

258.3

259.52

143.97

144.83
122.27

122.82

17.74%

17.92%



Centrifuge tests on Indian Head Till samples compacted on dry of optimum w/c

Date: 24/4/97

Speed: 500 rpm
Start time: 9:00 AM

End time: 4.30 pm

Eqbl time: 7.5 hrs

For HI: Ring = 4 from bottom

For H 2: Ring = 5 from bottom

1) Wt. of saturated ring in HI :

2) Wt. of saturated ring in H2 :

3) Wt. of sat porous stone in HI:

4) Wt. of sat porous stone in H2:

5) Wt. of holder 1 :

6) Wt. of holder 2 :

7) Wt. of H1+ reservoir cup:
8) Wt. of H2+ reservoir cup:

Time Holder 1 Holder 2 HI w loss H2 w loss HI tot los! H2 tot loss
9:00 AM 1240.2 1241.43 1.42 2.51

11:00AM 1238.78 1238.92 1.02 0.13
1:00PM 1237.76 1238.79 0.19 0.17 2.67 2.95
3:00 PM 1237.57 1238.62 0.04 0.14

4.30 pm 1237.53 1238.48

Before After Loss
282.52 278.57 3.95
281.96 279.38 2.58
166.18 168.11 1.93

168.39 165.92 2.47

1240.2 1237.53 2.67
1241.43 1238.48 2.95
1608.29 1606.86 1.43
1612.28 1610.6 1.68

9

1) Wt of wet HI ring:
2) Wt of wet H2 ring:
3) Wt of dry HI ring:
4) Wt of dry H2 ring:
5) Wt of wet HI soil :

6) Wt of wet H2 soil :

7) Wt of dry HI soil :

8) Wt of dry H2 soil :

9) Water content HI :

10) Water content H2

282.5

283.29

258.59

257.98

146.33

147.35

122.42

122.04

19.53%

20.74%



Centrifuge tests on Indian Head Till samples compacted on dry of optimum w/c

Date: 2114/97

Speed: 500 rpm
Start time: 8.30 am

End time: 5:00 PM

Eqbl time: 8.5 hrs

For HI: Ring = 2 from bottom

For H 2: Ring = 3 from bottom

1) Wt. of saturated ring in HI :

2) Wt. of saturated ring in H2 :

3) Wt. of sat porous stone in HI:

4) Wt. of sat porous stone in H2:

5) Wt. of holder 1 :

6) Wt. of holder 2 :

7) Wt. of H1+ reservoir cup:

8) Wt. of H2+ reservoir cup:

Time Holder 1 Holder 2 HI w loss H2 w loss HI tot loss H2 tot loss
8.30 am 1266.63 1267.86 3.68 2.94

11:00 AM 1262.95 1264.92 25.31 25.31

1:00 PM 1237.64 1239.61 0.05 0.08 29.06 28.36

3:00 PM 1237.59 1239.53 0.02 0.03

5:00 PM 1237.57 1239.5

Before After Loss

283.01 279.86 3.15

283.23 279.55 3.68

167.05 166.68 0.37

169.25 168.94 0.31

1266.63 1237.57 29.06

1267.86 1239.5 28.36

1634.8 1608.49 26.31

1638.03 1613.05 24.98

10

1) Wt of wet HI ring:
2) Wt of wet H2 ring:
3) Wt of dry HI ring:
4) Wt of dry H2 ring:
5) Wt of wet HI soil :

6) Wt of wet H2 soil :

7) Wt of dry HI soil :

8) Wt of dry H2 soil :

9) Water content HI :

10) Water content H2

283.71

283.44

259.01

258.8

147.63

147.44

122.93

122.8

20.09%

20.06%



Centrifuge tests on Indian Head Till samples compacted on dry of optimum w/c

Date: 2-Jun-97

Speed: 300 rpm
Start time: 9:00 AM

End time: 9:00 PM

Eqbl time: 12 hrs
ForHI: Ring = 4 from bottom

For H 2: Ring = 5 from bottom

1) Wt. of saturated ring in HI :

2) Wt. of saturated ring in H2 :

3) Wt. of sat porous stone in HI:

4) Wt. of sat porous stone in H2:

5) Wt. of holder 1 :

6) Wt. of holder 2 :

7) Wt. of H1+ reservoir cup:
8) wt. of H2+ reservoir cup:

Time Holder 1 Holder 2 HI w loss H2 w loss HI tot los! H2 tot loss
9:00 AM 1239.44 1236.76 0.92 1.17

11:00 AM 1238.52 1235.59 0.23 0.23
1:00 PM 1238.29 1235.36 0.12 0.2 1.45 1.93
4.15 pm 1238.17 1235.16 0.11 0.21

7:00 PM 1238.06 1234.95 0.07 0.12
9:00 PM 1237.99 1234.83

Before After Loss

278.08 276.26 1.82

278.32 276.43 1.89
96.06 95.88 0.18
94.55 94.16 0.39

1239.44 1237.99 1.45
1236.76 1234.83 1.93
1607.53 1606.47 1.06
1607.62 1606.4 1.22

11

1) Wt of wet HI ring:
2) Wt of wet H2 ring:
3) Wt of dry HI ring:
4) Wt of dry H2 ring:
5) Wt of wet HI soil :

6) Wt of wet H2 soil :

7) Wt of dry HI soil :

8) Wt of dry H2 soil :

9) Water content HI :

10) Water content H2 ;

280.24

280.4

256.3

256.24

144.02

144.39

120.08

120.23

19.93%

20.09%



Centrifuge tests on Indian Head Till samples compacted on dry of optimum w/c

Date: 28/5/97

Speed: 300 rpm
Start time: 9:00 AM
End time: 5pm
Eqbl time: 8 hrs
ForHI: Ring = 2 from bottom

For H 2: Ring = 3 from bottom

Time Holder 1 Holder 2 HI w loss H2 w loss HI tot loss H2 tot loss
9:00 AM 1236.29 1238.59 1.33 1.28
11:00 AM 1234.96 1237.31 0.09 0.13

1:00 PM 1234.87 1237.18 0.09 0.07 1.59 1.50
3:00 PM 1234.78 1237.11 0.08 0.08

5:00 PM 1234.7 1237.03

1) Wt. of saturated ring in HI :

2) Wt, of saturated ring in H2 :

3) Wt. of sat porous stone in HI:

4) Wt. of sat porous stone in H2:

5) Wt. of holder 1 :

6) Wt. of holder 2 :

7) Wt. of H1+ reservoir cup:
8) Wt. of H2+ reservoir cup:

Before After Loss
279.28 277.4 1.88
280.09 277.99 2.1
93.5 93.23 0.27
95.1 94.83 0.27

1236.29 1234.7 1.59
1238.59 1237.03 1.56
1604.46 1603.81 0.65
1609.46 1608.69 0.77

12

10) Water content H2 � 20.74%

1) Wt of wet HI ring:
2) Wt of wet H2 ring:
3) Wt of dry HI ring:
4) Wt of dry H2 ring:
5) Wt of wet HI soil :

6) Wt of wet H2 soil :

7) Wt of dry HI soil :

8) Wt of dry H2 soil :

9) Water content HI :

281.30

281.97
250.08

256.9

145.28

145.9

120.6

120.83

20.40%



APPENDIX B

TEST SERIES I DATA FOR INDIAN HEAD TILL SPECIMEN

(16.3% INITIAL WATER CONTENT)



Centrifuge tests on Indian Head Till samples compacted at optimum w/c

Date: 12-Jun-97

Speed: 2500 rpm

Start time: 8:00 PM

End time: 8.30 pm

Eqbl time: 24.5 hrs
For HI: Ring = 4 from bottom
For H 2: Ring = 5 from bottom

1) Wt. of saturated ring in HI :

2) Wt. of saturated ring in H2 :

3) Wt. of sat porous stone in HI:

4) Wt. of sat porous stone in H2:

5) Wt. of holder 1 :

6) Wt. of holder 2 :

7) Wt. of H1+ reservoir cup:
8) Wt. of H2+ reservoir cup:

Time Holder 1 Holder 2 HI w loss H2 w loss HI tot loss H2 tot loss
8:00 PM 1240.54 1237.88 12.43 11.23
12:00 PM 1228.11 1226.65 1.29 1.82
2:00 AM 1226.82 1224.83 1.32 1.1
8.30 am 1225.5 1223.73 1.07 0.68 16.46 15.78
1 :00 PM 1224.43 1223.05 0.2 0.56
5.30 pm 1224.23 1222.49 0.15 0.39
8.30 pm 1224.08 1222.1

Before After Loss
278.73 272.48 6.25
279 272.42 6.58

96.91 86.06 10.85
95.25 85.34 9.91

1240.54 1224.08 16.46
1237.88 1222.1 15.78

1608.44 1596.96 11.48
1608.93 1595.01 13.92
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1) Wt of wet HI ring:
2) Wt of wet H2 ring:
3) Wt of dry HI ring:
4) Wt of dry H2 ring:
5) Wt of wet H I soil :

6) Wt of wet H2 soil :

7) Wt of dry HI soil :

8) Wt of dry H2 soil :

9) Water content HI :

10) Water content H2 :

276.43

276.32

257.36

257.3

140.21

140.31

121.14

121.29

15.74%

15.68%



Centrifuge tests on Indian Head Till samples compacted at optimum w/c

Date: 6-Jun-97

Speed: 2500 rpm

Start time: 300AM

End time: 11:00 PM

Eqbl time: 20 hrs

ForHI: Ring = 2 from bottom

For H 2: Ring = 3 from bottom

1) Wt. of saturated ring in HI :

2) Wt. of saturated ring in H2 :

3) Wt. of sat porous stone in HI:

4) Wt. of sat porous stone in H2:

5) Wt. of holder 1 :

6) Wt. of holder 2 :

7) wr, of H1+ reservoir cup:

8) Wt. of H2+ reservoir cup:

Time Holder 1 Holder 2 HI w loss H2 w loss HI tot loss H2 tot loss
3:00 AM 1236.26 1235.28 13.05 12.68

7:00 AM 1223.21 1222.6 1.59 1.38

9:00 AM 1221.62 1221.22 0.78 I

11:00 AM 1220.84 1220.22 0.26 0.29 16.23 16.06
1:00 PM 1220.58 1219.93 0.17 0.3

5:00 PM 1220.41 1219.63 0.13 0.1

7:00 PM 1220.28 1219.53 0.25 0.31

11:00 PM 1220.03 1219.22

Before After Loss

278.48 271.86 6.62

278.57 271.94 6.63

94.54 84.42 10.12

93.24 83.17 10.07

1236.26 1220.03 16.23

1235.28 1219.22 16.06

1604.48 1600.43 4.05

1605.94 1597.62 8.32
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1) Wt of wet HI ring:
2) Wt of wet H2 ring:
3) Wt of dry HI ring:
4) Wt of dry H2 ring:
5) Wt of wet HI soil :

6) Wt of wet H2 soil :

7) Wt of dry HI soil :

8) Wt of dry H2 soil :

9) Water content HI :

10) Water content H2

275.83

275.85

257.2

257.16

139.75

139.78

121.12

121.09

15.38%

15.43%



Centrifuge tests on Indian Head Till samples compacted at optimum w/c

Date: 23/6/97

Speed: 2000 rpm

Start time: 9:00 AM

End time: 400 PM

Eqbl time: 31 hrs

For HI: rung = 4 from bottom

For H 2: Ring = 5 from bottom

1)Wt. of saturated ring in HI :

2)Wt. of saturated ring in H2 :

3)Wt. of sat porous stone in HI:

4)Wt, of sat porous stone in H2:

5)Wt. of holder 1 :

6) Wt. of holder 2 :

7) Wt. of H1+ reservoir cup:
8) Wt. of H2+ reservoir cup:

Time Holder 1 Holder 2 HI w loss H2 w loss HI tot loss H2 tot loss
9:00 AM 1232.12 1234.16 7.12 7.06

12:00 AM 1225 1227.1 0.8 0.83
3:00 PM 1224.2 1226.27 0.38 0.58

6:00 PM 1223.82 1225.69 0.22 0.24 9.21 10.22
9:00 PM 1223.6 1225.45 0.19 0.33
1:00 AM 1223.41 1225.12 0.28 0.64
7.30 AM 1223.13 1224.48 0.09 0.25

12:00 AM 1223.04 1224.23 0.13 0.29
4:00 PM 1222.91 1223.94

Before After Loss

274.21 268.61 5.6

273.87 268.32 5.55

93.6 89.58 4.02
95.15 90.61 4.54

1232.12 1222.91 9.21

1234.16 1223.94 10.22

1600.21 1592.08 8.13

1604.98 1594.82 10.16

1) Wt of wet HI ring:
2) Wt of wet H2 ring:
3) Wt of dry HI ring:
4) Wt of dry H2 ring:
5) Wt of wet HI soil :

6) Wt of wet H2 soil :

7) Wt of dry HI soil:
8) Wt of dry H2 soil :

9) Water content HI :

10) Water content H2 :i
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272.58

272.3

252.5

252.34

136.36

136.29

116.2R

116.33

17.26%.
17.15%



Centrifuge tests on Indian Head Till samples compacted at optimum w/c

Date: 20/6/97

Speed: 2000 rpm

Start time: 2.30 pm

End time: 4.30 pm

Eqbl time: 26 hrs
For HI: Ring = 2 from bottom
For H 2: Ring = 3 from bottom

Time Holder 1 Holder 2 HI w loss H2 w loss HI tot loss H2 tot loss
2.30 pm 1233.11 1235.22 9.16 8.01
5.30 pm 1224.95 1227.21 0.95 0.91
9.30 pm 1224 1226.3 10.39 10.03
8.30 am 1223.28 1225.84 0.72 0.46
12.30 pm 1222.84 1225.37 0.44 0.47
4.30 pm 1222.72 1225.19

1) Wt. of saturated ring in HI:

2) Wt. of saturated ring in H2 :

3) Wt. of sat porous stone in HI:

4) Wt. of sat porous stone in H2:

5) Wt. of holder I :

6) Wt. of holder 2 :

7) Wt. of H1+ reservoir cup:
8) Wt. of H2+ reservoir cup:

Before After Loss
275.78 270.22 5.56
275.94 270.59 5.35
94.06 88.45 5.61
95.63 90.39 5.24
1233.11 1222.72 10.39
1235.22 1225.19 10.03
1601.43 1599.14 2.29
1606.09 1600.87 5.22
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1) Wt of wet HI ring:
2) Wt of wet H2 ring:
3) Wt of dry HI ring:
4) Wt of dry H2 ring:
5) Wt of wet HI soil :

6) Wt of wet H2 soil :

7) Wt of dry HI soil :

8) Wt of dry H2 soil :

9) Water content HI :

10) Water content H2 :

274.2

274.53

254.09
254.17
138.12

138.46

118.01
118.1

17.04%
17.23%



Centrifuge tests on Indian Head Till samples compacted at optimum w/c

Date: 2-Jul-97

Speed: 1500 rpm

Start time: 2:00 AM

End time: 11.30 am

Eqbl time: 33.5 hrs
ForHI: Ring = 4 from bottom

For H 2: Ring = 5 from bottom

1) Wt. of saturated ring in HI :

2) Wt. of saturated ring in H2 :

3) Wt. of sat porous stone in HI:

4) Wt. of sat porous stone in H2:

5) Wt. of holder 1 :

6) Wt. of holder 2 :

7) Wt. of H1+ reservoir cup:
8) Wt. of H2+ reservoir cup:

Time Holder 1 Holder 2 HI w loss H2 w loss HI tot loss 112 tot loss
2:00 AM 1233.64 1231.71 5.29 5.21

9.30 am 1228.35 1226.5 0.3 0.26
12.30 pm 1228.05 1226.24 0.2 0.13
3.30 pm 1227.85 1226.11 0.23 0.17 6.66 6.35
6.30 pm 1227.62 1225.94 0.28 0.2
11:00 PM 1227.34 1225.74 0.23 0.24
8.30 am 1227.11 1225.5 0.13 0.14
11.30 am 1226.98 1225.36

Before After Loss

274.86 269.72 5.14

273.99 269.49 4.5

94.53 92.18 2.35
92.92 90.83 2.09
1233.64 1226.98 6.66
1231.71 1225.36 6.35

1601.63 1595.73 5.9
1602.63 1596.71 5.92
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1) Wt of wet HI ring:
2) Wt of wet H2 ring:
3) Wt of dry HI ring:
4) Wt of dry H2 ring:
5) Wt of wet HI soil :

6) Wt of wet H2 soil :

7) Wt of dry HI soil :

8) Wt of dry H2 soil :

9) Water content HI :

10) Water content H2 :

273.7

273.48

252.34

252.08

137.48

137.47

116.12

116.07

18.39%

18.43%



Centrifuge tests on Indian Head Till samples compacted at optimum w/c

Date: 28/6/97

Speed: 1500 rpm

Start time: 2.15 pm

End time: 2:00 PM

Eqbl time: 24.15 hrs

For HI: Ring = 2 from bottom

For H 2 : Ring = 3 from bottom

1)Wt, of saturated ring in HI :

2)wt. of saturated ring in H2 :

3)Wt. of sat porous stone in HI:

4) Wt, of sat porous stone in H2:

5)Wt. of holder 1 :

6)Wt, of holder 2 :

7)Wt. of HI + reservoir cup:
8)wt. of H2+ reservoir cup:

Time Holder 1 Holder 2 HI w loss H2 w loss HI tot loss H2 tot loss
2.15 pm 1233.22 1231.04 4.63 5.05
5.30 pm 1228.59 1226.03 0.64 0.74

9.30pm 1227.95 1225.29 0.55 0.7 5.85 6.5
1:00 PM 1227.4 1224.59 0.03 0.05
2:00 PM 1227.37 1224.54

Before After Loss

273.4 269.16 4.24

273.53 269.15 4.38

95.59 93.6 1.99

94.21 91.83 2.38

1233.22 1227.37 5.85

1231.04 1224.54 6.5

1601.38 1599.01 2.37

1601.75 1597.88 3.87
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1) Wt of wet HI ring:
2) Wt of wet H2 ring:
3) Wt of dry HI ring:
4) Wt of dry H2 ring:
5) Wt of wet HI soil :

6) Wt of wet H2 soil :

7) Wt of dry HI soil :

8) Wt of dry H2 soil :

9) Water content HI :

10) Water content H2 :

273.13

273.12

252.07

252.02

137.05

137.05

115.99

115.95

18.15%
18.19(�/o



Centrifuge tests on Indian Head Till samples compacted at optimum w/c

Date: 9-Jul-97

Speed: 1000 rpm

Start time: 8:00 AM

End time: II:OOAM

Eqbl time: 27 hrs

For HI: Ring = 4 from bottom
For H 2: Ring = 5 from bottom

Time Holder 1 Holder 2 HI w loss H2 w loss HI tot loss H2 tot loss
8:00 AM 1236.11 1236.36 4.15 3.89
11:00 AM 1231.96 1232.47 0.55 0.45
7.15 pm 1231.41 1232.02 0.11 0.1 5.03 4.n
11 :00 PM 1231.3 1231.92 0.22 0.14
8:00 AM 1231.08 1231.78 0.02 0.02
11:00 AM 1231.08 1231.76

1) Wt. of saturated ring in HI :

2) Wt. of saturated ring in H2 :

3) Wt. of sat porous stone in HI:

4) Wt. of sat porous stone in H2:

5) Wt. of holder 1 :

6) Wt. of holder 2 :

7) Wt. of H1+ reservoir cup:
8) Wt. of H2+ reservoir cup:

Before After Loss
277.98 272.93 5.05
277.8 273.22 4.58
93.05 92.6 0.45

94.85 94.22 0.63
1236.11 1231.08 5.03
1236.36 1231.76 4.6

1604.26 1600.31 3.95
1607.21 1603.39 3.82
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1) Wt of wet HI ring: 276.91

2) Wt of wet H2 ring: 277.18

3) Wt of dry HI ring: 255.38

4) Wt of dry H2 ring: 255.44

5) Wt of wet HI soil : 140.69

6) Wt of wet H2 soil : 141.17

7) Wt of dry HI soil : 119.16

8) Wt of dry H2 soil: 119.43

9) Water content HI : 18.06%

10) Water content H2 : 18.20%



Centrifuge tests on Indian Head Till samples compacted at optimum w/c

Date: 5-Jul-97

Speed: 1000 rpm

Start time: 2.30 pm

End time: I 1.0 am

Eqbl time: 20.5 hrs

For HI: rung = 2 from bottom

For H 2: rung = 3 from bottom

1) Wt. of saturated ring in HI :

2) Wt. of saturated ring in H2 :

3) Wt, of sat porous stone in HI:

4) Wt. of sat porous stone in H2:

5) Wt, of holder 1 :

6) Wt. of holder 2 :

7) Wt. of H1+ reservoir cup:
8) Wt. of H2+ reservoir cup:

Time Holder 1 Holder 2 HI w loss H2 w loss HI tot loss H2 tot loss
2.30 pm 1231.49 1233.52 3.53 3.62

6.30 pm 1227.96 1229.9 0.46 0.52 4.06 4.4
11.30 pm 1227.5 1229.38 0.07 0.26

11:00 AM 1227.43 1229.12

Before After Loss
274.5 270.51 3.99

274.63 270.51 4.12

93.64 92.91 0.73

94.98 94.28 0.7

1231.49 1227.43 4.06

1233.52 1229.12 4.4

1599.48 1598.42 1.06

1604.24 1601.42 2.82
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1) Wt of wet HI ring: 274.47

2) Wt of wet H2 ring: 274.5

3) Wt of dry HI ring: 251.89

4) Wt of dry H2 ring: 251.95

5) Wt of wet HI soil: 138.39

6) Wt of wet H2 soil: 138.43

7) Wt of dry HI soil : 115.81

8) Wt of dry H2 soil : 115.88

9) Water content HI : 19.49%

10) Water content H2 : 19.45%



Centrifuge tests on Indian Head Till samples compacted at optimum w/c

Date: 1617197

Speed: 500 rpm

Start time: 8.30 am

End time: 1100 PM

Eqbl time: 14.5 hrs

For HI: Ring = 4 from bottom

For H 2 : Ring = 5 from bottom

1) wt. of saturated ring in HI:

2) Wt, of saturated ring in H2 :

3) Wt. of sat porous stone in HI:

4) Wt. of sat porous stone in H2:

5) wt. of holder 1 :

6) Wt. of holder 2 :

7) Wt, of HI + reservoir cup:
8) wt. of H2+ reservoir cup:

Time Holder 1 Holder 2 HI w loss H2 w loss HI tot loss H2 tot loss
8.30 am 1238.5 1239.95 1.74 1.9

11.30 am 1236.76 1238.05 0.24 0.17

2.30 pm 1236.52 1237.88 0.21 0.2 2.22 2.37

8:00 PM 1236.31 1237.68 0.03 0.1
11:00 PM 1236.28 1237.58

Before After Loss

277.65 275.38 2.27
277.58 275.26 2.32

96.18 95.6 0.58

97.61 97.25 0.36

1238.5 1236.28 2.22

1239.95 1237.58 2.37

1606.56 1604.96 1.6

1610.86 1609.28 1.58
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1) Wt of wet HI ring: 279.32

2) Wt of wet H2 ring: 279.16

3) Wt of dry HI ring: 255.26

4) Wt of dry H2 ring: 254.75

5) Wt of wet HI soil : 143.1

6) Wt of wet H2 soil : 143.15

7) Wt of dry HI soil : 119.04

8) Wt of dry H2 soil : 118.74

9) Water content HI : 20.21%

10) Water content H2 : 20.55%



Centrifuge tests on Indian Head Till samples compacted at optimum w/c

Date: 12-Jul-97

Speed: 500 rpm

Start time: II:OOAM

End time: 10.30 pm

Eqbl time: 11.5 hrs
For HI: Ring = 2 from bottom

For H 2: Ring = 3 from bottom

1) Wt. of saturated ring in HI:

2) Wt. of saturated ring in H2 :

3) Wt, of sat porous stone in HI:

4) Wt. of sat porous stone in H2:

5) Wt. of holder 1 :

6) Wt. of holder 2 :

7) Wt. of H 1+ reservoir cup:
8) Wt. of H2+ reservoir cup:

Time Holder 1 Holder 2 HI w loss H2 w loss HI tot loss H2 tot loss
11:00 AM 1236.77 1238.19 2.34 2.06

3:00 PM 1234.43 1236.13 0.35 0.55 2.69 2.61
10.30 pm 1234.08 1235.58

Before After Loss

276.63 274.13 2.5

277.35 274.93 2.42

95.95 95.64 0.31
97.39 97.26 0.13
1236.77 1234.08 2.69

1238.19 1235.58 2.61
1604.79 1603.68 1.11

1609.66 1607.52 1.54

22

1) Wt of wet HI ring:
2) Wt of wet H2 ring:
3) Wt of dry HI ring:
4) Wt of dry H2 ring:
5) Wt of wet HI soil :

6) Wt of wet H2 soil :

7) Wt of dry HI soil :

8) Wt of dry H2 soil :

9) Water content HI :

10) Water content H2 :

278.04

278.91

254.45

254.94

141.96

142.84

118.37

118.87

19.92�'O

20.16�;)



Centrifuge tests on Indian Head Till samples compacted at optimum w/c

Date: 2417197

Speed: 300 rpm

Start time: 7.30 am

End time: 10.30 pm

Eqbl time: 15 hrs
For HI: Ring = 4 from bottom

For H 2: Ring = 5 from bottom

1) Wt. of saturated ring in HI :

2) Wt. of saturated ring in H2 :

3) Wt. of sat porous stone in HI:

4) Wt. of sat porous stone in H2:

5) Wt, of holder 1 :

6) Wt. of holder 2 :

7) Wt. of HI + reservoir cup:
8) Wt. of H2+ reservoir cup:

Time Holder 1 Holder 2 HI w loss H2 w loss HI tot loss H2 tot loss
7.30 am 1239.72 1238.08 1.34 0.88
1.30 pm 1238.38 1237.2 0.13 0.22
4.30 pm 1238.25 1236.98 0.13 0.24 1.69 1.48
7.30 pm 1238.12 1236.74 0.09 0.14

10.30 pm 1238.03 1236.6

Before After Loss
277.51 275.45 2.06
277.7 275.81 1.89

97.58 97.27 0.31

95.96 95.64 0.32

1239.72 1238.03 1.69

1238.08 1236.6 1.48

1607.89 1606.94 0.95

1608.98 1607.74 1.24
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1) Wt of wet HI ring:
2) Wt of wet H2 ring:
3) Wt of dry HI ring:
4) Wt of dry H2 ring:
5) Wt of wet II I soil :

6) Wt of wet H2 soil :

7) Wt of dry HI soil :

8) Wt of dry H2 soil:

9) Water content HI :

10) Water content H2 :

279.41

279.77

254.83

255.15

143.2

143.64

118.62

119.02

20.72%

20.68%



Centrifuge tests on Indian Head Till samples compacted at optimum w/c

Date: 2117197

Speed: 300 rpm

Start time: 7.30 am

End time: 4.30 pm

Eqbl time: 9 hrs
For HI: Ring = 2 from bottom

For H 2: Ring = 3 from bottom

Time Holder 1 Holder 2 HI w loss H2 w loss HI tot loss H2 tot loss
7.30 am 1238.58 1238.89 1.56 1.24 1.86 1.43
10.30 am 1237.02 1237.65 0.3 0.19

4.30 pm 1236.72 1237.46

1) Wt, of saturated ring in HI :

2) Wt. of saturated ring in H2 :

3) Wt. of sat porous stone in HI:

4) Wt. of sat porous stone in H2:

5) Wt. of holder 1 :

6) Wt. of holder 2 :

7) Wt. of H1+ reservoir cup:
8) Wt. of H2+ reservoir cup:

Before After Loss

278.31 276.48 1.83

277.6 276.06 1.54

96.23 95.66 0.57

97.63 97.43 0.2

1238.58 1236.72 1.86

1238.89 1237.46 1.43

1606.77 1606.38 0.39

1609.68 1608.97 0.71
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1) Wt of wet HI ring:
2) Wt of wet H2 ring:
3) Wt of dry HI ring:
4) Wt of dry H2 ring:
5) Wt of wet HI soil :

6) Wt of wet H2 soil :

7) Wt of dry HI soil :

8) Wt of dry H2 soil :

9) Water content HI :

10) Water content H2

280.37

280.02

255.28

255.01

144.16

143.89

119.07

118.88

21.07%

21.03%



APPENDIXC

TEST SERIES I DATA FOR INDIAN HEAD TILL SPECIMEN

(19.2% INITIAL WATER CONTENT)



Centrifuge tests on Indian Head Till samples compacted on wet of optimum w/c

Date: 4-Aug-97
Speed: 2500 rpm
Start time: 2.15 pm 4/8/97
End time: 3.0pm 7/8/97

Eqbl time: 73 hrs

For HI: Ring = 4 from bottom

For H 2: Ring = 5 from bottom

1) wt. of saturated ring in HI :

2) Wt. of saturated ring in H2 :

3) Wt. of sat porous stone in HI:

4) Wt. of sat porous stone in H2:

5) wr, of holder 1 :

6) Wt. of holder 2 :

7) Wt. of H1+ reservoir cup:
8) Wt. of H2+ reservoir cup:

Time Holder 1 Holder 2 HI w loss H2 w loss HI tot loss H2 tot loss
2.15 pm 1234.63 1235.53 14.05 12.92
12.35 am 1220.58 1222.61 1.06 1.61
12.15 pm 1219.52 1221 0.41 0.57
11:00 PM 1219.11 1220.43 0.58 0.33
9.50 am 1218.53 1220.1 0.11 0.11 16.86 16.33
1.45 pm 1218.42 1219.99 0.23 0.06
4.15 pm 1218.19 1219.93 0.19 0.31
11.15 pm 1218 1219.62 0.07 0.32
10.15 am 1217.93 1219.3 0.16 0.1
3:00 PM 1217.77 1219.2

Before After Loss
275.2 268.17 7.03

276.32 268.38 7.94

94.05 83.91 10.14

95.95 86.76 9.19
1234.63 1217.77 16.86
1235.53 1219.2 16.33
1602.54 1589.46 13.08
1606.48 1590.26 16.22
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1) Wt of wet HI ring: 272.11

2) Wt of wet H2 ring: 272.44

3) Wt of dry HI ring: 252.81

4) Wt of dry H2 ring: 252.76

5) Wt of wet HI soil : 136.07

6) Wt of wet H2 soil : 136.35

7) Wt of dry HI soil : 116.77

8) Wt of dry H2 soil : 116.67

9) Water content HI : 16.52%

10) Water content H2 16.86%



Sheet12

Centrifuge tests on Indian Head Till samples compacted on wet of optimum wlc

Date: 3017197

Speed: 2500 rpm
Start time: 11.15 am 30/7/97

End time: 10.30 am 1/8/97

Eqbl time: 47 hrs
For HI: Ring = 2 from bottom

For H 2: Ring = 3 from bottom

1) Wt. of saturated ring in HI :

2) Wt. of saturated ring in H2 :

3) Wt. of sat porous stone in HI:

4) Wt. of sat porous stone in H2:

5) Wt. of holder 1 :

6) Wt. of holder 2 :

7) Wt. of H1+ reservoir cup:
8) wr, of H2+ reservoir cup:

Time Holder 1 Holder 2 HI w loss H2 w loss HI tot loss H2 tot loss
11.15 am 1237.12 1234.71 16.06 14.89
2.15 pm 1221.06 1219.82 2.46 2.53
8.15 pm 1218.6 1217.29 1 1.42

10:00 AM 1217.6 1215.87 0.61 0.37
1.15 pm 1216.99 1215.5 0.29 0.23

6.0pm 1216.7 1215.27 0.17 0.24
11.45 pm 1216.53 1215.03 0.22 0.08

10.30 am 1216.13 1214.95

Before After Loss
275.33 267.98 7.35
275.59 268.25 7.34

97.54 83.97 13.57
96.01 83.12 12.89
1237.12 1216.31 20.81
1234.73 1214.95 19.78
1605.31 1599.17 6.14
1605.67 1596.35 9.32
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1) Wt of wet HI ring: 271.96

2) Wt of wet H2 ring: 272.19

3) Wt of dry HI ring: 252.82

4) Wt of dry H2 ring: 252.75

5) Wt of wet HI soil : 135.83

6) Wt of wet H2 soil : 135.98

7) Wt of dry HI soil : 116.69

8) Wt of dry H2 soil : 116.54

9) Water content HI : 16.40°/,)

10) Water content H2 16.681%



Centrifuge tests on Indian Head Till samples compacted on wet of optimum w/c

Date: 13-Aug-97
Speed: 2000 rpm
Start time: 4.15 pm 13/8/97
End time: 2.0pm 16/8/97

Eqbl time: 70 hrs
For HI: Ring =4 from bottom
For H 2: Ring =5 from bottom

Time Holder 1 Holder 2 HI w loss H2 w loss HI tot loss H2 tot loss
4.15 pm 1234.5 1232.84 7.84 7.79
8.15 pm 1226.66 1225.05 0.86 0.76
8.0 am 1225.8 1224.29 0.3 0.32 9.62 10.07
3:00 PM 1225.5 1223.97 0.22 0.44
10.30 am 1225.28 1223.53 0.4 0.76

2.0pm 1224.88 1222.77

1) Wt. of saturated ring in HI :

2) Wt. of saturated ring in H2 :

3) Wt. of sat porous stone in HI:

4) Wt. of sat porous stone in H2:

5) Wt. of holder 1 :

6) Wt. of holder 2 :

7) Wt. of H1+ reservoir cup:
8) Wt. of H2+ reservoir cup:

Before After Loss
275.46 269.53 5.93
275.29 269.3 5.99
94.38 90.33 4.05
93.19 88.6 4.59
1234.5 1224.88 9.62
1232.84 1222.77 10.07
1602.53 1592.96 9.57
1603.73 1593.78 9.95
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I) Wt of wet HI ring:
2) Wt of wet H2 ring:
3) Wt of dry HI ring:
4) Wt of dry H2 ring:
5) Wt of wet H I soil :

6) Wt of wet H2 soil :

7) Wt of dry HI soil :

8) Wt of dry H2 soil :

9) Water content HI :

10) Water content H2

273.62
273.35
252.54

252.39

137.54

137.26
116.46

116.3

18.10%

18.02�/o



Centrifuge tests on Indian Head Till samples compacted on wet of optimum w/c

Date: 9-Aug-97
Speed: 2000 rpm
Start time: 1:00 PM 9/8/97
End time: 2:00 PM 11/8/97

Eqbl time: 49 hrs
ForHI: Ring =2 from bottom
For H 2: Ring =3 from bottom

1) Wt, of saturated ring in HI :

2) Wt, of saturated ring in H2 :

3) Wt. of sat porous stone in HI:

4) Wt. of sat porous stone in H2:

5) Wt. of holder 1 :

6) Wt. of holder 2 :

7) Wt. of H1+ reservoir cup:
8) wt. of H2+ reservoir cup:

Time Holder 1 Holder 2 HI w loss H2 w loss HI tot loss H2 tot loss
1:00 PM 1232.68 1233.01 9.5 8.41

6:00 PM 1223.18 1224.6 1.04 1.14 10.88 9.73
10:00 PM 1222.14 1223.46 0.34 0.18
2:00 PM 1221.8 1223.28

Before After Loss
275.75 269.52 6.23
275.38 269.47 5.91
93.25 87.84 5.41

94.58 90.08 4.5
1232.68 1221.8 10.88
1233.01 1223.28 9.73
1600.82 1595.77 5.05
1603.74 1594.13 9.61
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1) Wt of wet HI ring:
2) Wt of wet H2 ring:
3) Wt of dry HI ring:
4) Wt of dry H2 ring:
5) Wt of wet HI soil :

6) Wt of wet H2 soil :

7) Wt of dry HI soil :

8) Wt of dry H2 soil :

9) Water content HI :

10) Water content H2

273.44

273.51

252.82

252.71

137.23

137.45

110.01

110.05

17.08�'O

17.83%



Centrifuge tests on Indian Head Till samples compacted on wet of optimum w/c

Date: 25/8/97

Speed: 1500 rpm
Start time: 9:00 AM 25/8/97

End time: 2:00 PM 27/8/97

Eqbl time: 53 hrs
For HI: Ring = 4 from bottom

For H 2 : Ring = 5 from bottom

1) Wt. of saturated ring in HI :

2) Wt. of saturated ring in H2 :

3) Wt. of sat porous stone in HI:

4) Wt. of sat porous stone in H2:

5) Wt. of holder 1 :

6) Wt. of holder 2 :

7) Wt. of H1+ reservoir cup:
8) Wt. of H2+ reservoir cup:

Time Holder 1 Holder 2 HI w loss H2 w loss HI tot loss H2 tot loss
9.15 am 1235.11 1233.54 5.99 5.33

2.00 pm 1229.12 1228.21 0.38 0.52
5.15 pm 1228.74 1227.69 0.27 0.44

11.30 am 1228.47 1227.25 0.05 0.07 6.89 0.94

3.00 pm 1228.42 1227.18 0.17 0.51
11.15 am 1228.25 1226.67 0.03 0.07

2.00 pm 1228.22 1226.6

Before After Loss
276.36 270.28 6.08
276.16 270.57 5.59
93.99 92.54 1.45

92.56 90.68 1.88

1235.11 1228.22 6.89
1233.54 1224.6 6.94

1603.13 1596.66 6.47
1604.58 1597.7 6.88
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1) Wt of wet HI ring:
2) Wt of wet H2 ring:
3) Wt of dry HI ring:
4) Wt of dry H2 ring:
5) Wt of wet HI soil :

6) Wt of wet H2 soil :

7) Wt of dry HI soil :

8) Wt of dry H2 soil :

9) Water content HI :

10) Water content H2

274.21

274.58

252.55

252.08

138.17

138.52

116.51

116.02

18.59%

18.77%



Centrifuge tests on Indian Head Till samples compacted on wet of optimum wlc

Date: 21/8/97

Speed: 1500 rpm
Start time: 7.45 am 21/8/97
End time: 7:00 PM 22/8/97

Eqbl time:
For HI: Ring =2 from bottom

For H 2: Ring =3 from bottom

Time Holder 1 Holder 2 HI w loss H2 w loss HI tot loss H2 tot loss
7.45 am 1232.32 1233.34 5.67 5.44

2:00 PM 1226.65 1227.9 0.42 0.35
7.45 pm 1226.23 1227.55 0.19 0.17 6.4 0.01)
11:00 AM 1226.04 1227.38 0.06 0.06

2.30 pm 1225.98 1227.32 0.06 0.04
7.00 pm 1225.92 1227.28

1) Wt. of saturated ring in HI :

2) Wt. of saturated ring in H2 :

3) wt. of sat porous stone in HI:
4) Wt. of sat porous stone in H2:

5) Wt. of holder 1 :

6) Wt. of holder 2 :

7) Wt. of H1+ reservoir cup:
8) Wt. of H2+ reservoir cup:

Before After Loss
275.43 270.14 5.29
275.57 270.49 5.08
92.98 91.14 1.84
94.77 92.86 1.91

1232.32 1225.92 6.4
1233.34 1227.28 6.06

1600.54 1597.47 3.07
1604.11 1599.36 4.75
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1) Wt of wet HI ring:
2) Wt of wet H2 ring:
3) Wt of dry HI ring:
4) Wt of dry H2 ring:
5) Wt of wet HI soil :

6) Wt of wet H2 soil :

7) Wt of dry HI soil :

8) Wt of dry H2 soil :

9) Water content HI:

10) Water content H2

274.17

274.55

253.16

252.86

137.96

138.48

116.95

116.79

17.9fi%

18.57%



Centrifuge tests on Indian Head Till samples compacted on wet of optimum wlc

Date: 10-Sep-97
Speed: 1000 rpm
Start time: 9.30 am 10/9/97

End time: 12.30 pm 13/9/97

Eqbl time: 63 hrs
ForHI: Ring =4 from bottom

For H 2: Ring = 5 from bottom

1) Wt. of saturated ring in HI :

2) Wt, of saturated ring in H2 :

3) Wt. of sat porous stone in HI:

4) Wt. of sat porous stone in H2:

5) Wt. of holder 1 :

6) Wt. of holder 2 :

7) Wt, of H1+ reservoir cup:
8) Wt. of H2+ reservoir cup:

Timp Holder 1 Holder 2 HI w loss H2 w loss HI tot loss H2 tot loss
9.30 am 1235.47 1233.1 3.74 3.89
1.00 pm 1231.73 1229.21 0.41 0.39
5.10 pm 1231.32 1228.82 0.1 0.2
12.15 am 1231.22 1228.62 0.09 0.26 4.63 5.61
1.40 pm 1231.13 1228.36 0.04 0.14
8.10 pm 1231.09 1228.22 0.05 0.25
9.10 am 1231.04 1227.97 0.04 0.08
3.30 pm 1231 1227.89 0.16 0.4
12.30 pm 1230.84 1227.49

Before After Loss

275.87 271.2 4.67

276.38 271.24 5.14

94.43 93.95 0.48
93.04 91.8 1.24

1235.47 1230.84 4.63
1233.1 1227.49 5.61
1603.74 1599.11 4.63
1604.12 1598.63 5.49
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1) Wt of wet HI ring:
2) Wt of wet H2 ring:
3) Wt of dry HI ring:
4) Wt of dry H2 ring:
5) Wt of wet HI soil :

6) Wt of wet H2 soil :

7) Wt of dry HI soil :

8) Wt of dry H2 soil :

9) Water content HI :

10) Water content H2

275.1

275.25

252.24

252.311

139.06

139.19

116.2

116.32

19.67%

19.66%



Centrifuge tests on Indian Head Till samples compacted on wet of optimum wlc

Date: 5-Sep-97
Speed: 1000 rpm
Start time: 10:00 AM 5/9/97
End time: 1.30 pm 7/9/97

Eqbl time: 51.5 hrs
For HI: Ring =2 from bottom
For H 2 : Ring = 3 from bottom

1) Wt. of saturated ring in HI :

2) Wt. of saturated ring in H2 :

3) Wt. of sat porous stone in HI:

4) Wt. of sat porous stone in H2:

5) Wt. of holder 1 :

6) Wt. of holder 2 :

7) Wt. of H1+ reservoir cup:
8) Wt. of H2+ reservoir cup:

Time Holder 1 Holder 2 HI w loss H2 w loss HI tot loss H2 tot loss
10:00 AM 1234.13 1232.02 4.23 3.55

1.30pm 1229.9 1228.47 0.42 0.52 4.72 4.15
1.30 pm 1229.48 1227.95 0.07 0.08
1.30 pm 1229.41 1227.87

Before After Loss
276.41 271.5 4.91
275.08 271.03 4.05
94.46 93.77 0.69
93.13 92.32 0.81
1234.13 1229.41 4.72
1232.02 1227.87 4.15
1602.52 1600.18 2.34
1602.94 1600.08 2.86
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I) Wt of wet HI ring:
2) Wt of wet H2 ring:
3) Wt of dry HI ring:
4) Wt of dry 112 ring:
5) Wt of wet H I soil :

6) Wt of wet H2 soil :

7) Wt of dry HI soil :

8) Wt of dry H2 soil :

9) Water content HI :

10) Water content H2

275.47
274.93
252.)\3

252.49

139.26
138.92

116.62

116.48

19.41%

19.26%



Centrifuge tests on Indian Head Till samples compacted on wet of optimum w/c

Date: 18/9/97

Speed: 500 rpm
Start time: 9.45 am 18/9/97
End time: 6.30 pm 20/9/97

Eqbl time: 57 hrs
ForHI: Ring =4 from bottom
For H 2: Ring = 5 from bottom

1) Wt. of saturated ring in HI :

2) Wt. of saturated ring in H2 :

3) Wt. of sat porous stone in HI:

4) Wt, of sat porous stone in H2:

5) Wt. of holder 1 :

6) Wt. of holder 2 :

7) Wt. of H1+ reservoir cup:
8) Wt. of H2+ reservoir cup:

Time Holder 1 Holder 2 HI w loss H2 w loss HI tot loss H2 tot loss
9.45 am 1237.28 1236.23 1.28 1.5
12.25 pm 1236 1234.73 0.35 0.51
3.30 pm fuge stoppc d 2.2 3.43
9.35 pm 1235.65 1234.22 0.24 0.59
2.00 pm 1235.41 1233.63 0.09 0.21
6.30 pm 1235.32 1233.42 0.24 0.62
6.30 pm 1235.08 1232.8

Before After Loss
275.07 272.82 2.25
275.93 272.51 3.42
97.45 97.16 0.29

95.63 95.17 0.46
1237.28 1235.08 2.2
1236.23 1235.8 3.43
1605.37 1603.25 2.12
1607.25 1604.08 3.17
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1) Wt of wet HI ring:
2) Wt of wet H2 ring:
3) Wt of dry HI ring:
4) Wt of dry H2 ring:
5) Wt of wet HI soil :

6) Wt of wet H2 soil :

7) Wt of dry HI soil :

8) Wt of dry H2 soil :

9) Water content HI:

10) Water content H2

276.74

276.51

252.31

252.65

140.66

140.42

116.23

116.56

21.00°'(,

20.47%



Centrifuge tests on Indian Head Till samples compacted on wet of optimum w/c

Date: 15/9/97

Speed: 500 rpm
Start time: 12.30 pm 15/9/97
End time: 1.30 pm 16/9/97

Eqbl time: 25 hrs

ForHI: Ring =2 from bottom

For H 2: Ring = 3 from bottom

I) Wt. of saturated ring in HI :

2) Wt. of saturated ring in H2 :

3) Wt. of sat porous stone in HI:

4) Wt. of sat porous stone in H2:

5) Wt. of holder I :

6) Wt. of holder 2 :

7) Wt. of H1+ reservoir cup:
8) Wt. of H2+ reservoir cup:

Time Holder I Holder 2 HI w loss H2 w loss HI tot loss H2 tot loss
12.30 pm 1236.96 1233.94 1.89 l.87
3.30 pm 1235.07 1232.07 0.46 0.48 2.38 2.41
11.00 am 1234.61 1231.59 0.03 0.06
1.30 pm 1234.58 1231.53

Before After Loss
276.36 273.38 2.98
276.21 273.3 2.91
96.58 96.36 0.22
94.75 94.55 0.2
1236.96 1234.58 2.38
1233.94 1231.53 2.41
1605.31 1604.22 1.09
1604.67 1602.98 1.69

34

1) Wt of wet HI ring:
2) Wt of wet H2 ring:
3) Wt of dry HI ring:
4) Wt of dry H2 ring:
5) Wt of wet HI soil :

6) Wt of wet H2 soil :

7) Wt of dry HI soil :

8) Wt of dry H2 soil :

9) Water content HI :

10) Water content H2

277.4
277.22

252.41

252.12

141.19
141.21

116.2

110. I I

21.50%
21.61%



Centrifuge tests on Indian Head Till samples compacted on wet of optimum w/c

Date: 29/9/97

Speed: 300 rpm
Start time: 10:00 AM 29/9/97
End time: 4:00 PM 1110/97

Eqbl time: 54 hrs
For HI: Ring =4 from bottom
For H 2: Ring = 5 from bottom

Time Holder 1 Holder 2 HI w loss H2 w loss HI tot loss H2 tot loss
10:00 AM 1237.8 1237.85 2.31 1.91
1:00 PM 1235.49 1235.94 0.23 0.4 3.4 4.2
3.35 pm 1235.26 1235.54 0.42 0.86
10.30 am 1234.84 1234.68 0.35 0.82
10.30 am 1234.49 1233.86 0.09 0.21
4:00 PM 1234.4 1233.65

1) Wt. of saturated ring in HI :

2) Wt. of saturated ring in H2 :

3) Wt, of sat porous stone in HI:

4) Wt. of sat porous stone in H2:

5) Wt. of holder 1 :

6) Wt. of holder 2 :

7) Wt. of H1+ reservoir cup:
8) Wt. of H2+ reservoir cup:

Before After Loss
276.54 273.7 2.84
276.1 273.03 3.07
94.27 94.4 0.13
96.02 95.58 0.44
1237.8 1234.4 3.4
1237.85 1233.65 4.2
1605.81 1604.02 1.79
1608.76 1605.62 3.14

35

1) Wt of wet HI ring:
2) Wt of wet H2 ring:
3) Wt of dry HI ring:
4) Wt of dry H2 ring:
5) Wt of wet HI soil :

6) Wt of wet H2 soil :

7) Wt of dry HI soil :

8) Wt of dry H2 soil :

9) Water content HI :

10) Water content H2

277.61

277.03

252.58
252.8

141.64

140.95

116.61

116.72

21.46%
20.75<1,'0



Centrifuge tests on Indian Head Till samples compacted on wet of optimum w/c

Date: 24/9/97

Speed: 300 rpm
Start time: 11.30 am 24/9/97
End time: 10.0 am 25/9/97

Eqbl time: 22.5 hrs
ForHI: Ring =2 from bottom
For H 2: Ring = 3 from bottom

Time Holder 1 Holder 2 HI w loss H2 w loss HI tot loss H2 tot loss
11.30 am 1233.94 1234.44 1.09 1.25
2.45 pm 1232.85 1233.19 0.12 0.11 1.47 Uil
7.00 pm 1232.73 1233.08 0.26 0.25
10:00 AM 1232.47 1232.83

1) Wt. of saturated ring in HI :

2) Wt. of saturated ring in H2 :

3) Wt. of sat porous stone in HI:

4) Wt. of sat porous stone in H2:

5) Wt, of holder 1 :

6) Wt. of holder 2 :

7) Wt. of H1+ reservoir cup:
8) Wt. of H2+ reservoir cup:

Before After Loss
276.99 274.29 2.7
276.9 274.13 2.77
92.91 93.38 0.47
94.65 94.99 0.34
1233.94 1232.47 1.47
1234.44 1232.83 1.61
1602.23 1601.5 0.73
1605.32 1604.45 0.87

36

9) Water content HI : J 21.94%

10) Water content H2 22.14%

1) Wt of wet HI ring:
2) Wt of wet H2 ring:
3) Wt of dry HI ring:
4) Wt of dry H2 ring:
5) Wt of wet HI soil :

6) Wt of wet H2 soil :

7) Wt of dry HI soil :

8) Wt of dry H2 soil :

27R.29

278.04
252.73

252.28

142.05
142.1

116.49

116.34



APPENDIX D

TEST SERIES II DATA FOR INDIAN HEAD TILL SPECIMEN

(13%,16.3% AND 19.2% INITIAL WATER

CONTENT)



Date

Soil

17/5/98

13 % Indian head till

HI

H2

I st ring
3 rd ring

Speed Time HI sample H2 sample Rotn time HI Pstone H2 Pstone Comments

weight weight weight weight

o rpm 12.30 pm 76.63 78.17 o hrs 52.21 172.48

300 rpm 2.30 pm 76.04 77.49 2 hrs *** ***

500 rpm 4.30 pm 74.61 75.94 2 hrs *** ***

1000 rpm 6.30 pm 73.52 74.88 2 hrs *** ***

1500 rpm 8.30 pm 72.44 74.33 2 hrs *** ***

2000 rpm 11:00 PM 71.7 73.83 2.5 hrs 50.22 151.87

Dry wt 64.68 66.84

Analysis of results for 1 st 13% ( compacted )Indian head till test specimens

Speed Suction Sample wt Net wet wt Net dry wt w / c Comments

at eqbl

o rpm 0 76.63 55.79 43.84 27.25 For HI ( Net wt = Sample wt at eqbl -

300 rpm 3.47 76.04 55.2 43.84 25.91 (ring+AI foil + filter paper»
500 rpm 9.59 74.61 53.77 43.84 22.65

1000 rpm 38.56 73.52 52.68 43.84 20.16

1500 rpm 86.85 72.44 51.6 43.84 17.7

2000 rpm 154.39 71.7 50.86 43.84 16.01

o rpm 0 78.17 56.04 44.71 25.34

300 rpm 8.38 77.49 55.36 44.71 23.82

500 rpm 23.18 75.94 53.81 44.71 20.35

1000 rpm 93.26 74.88 52.75 44.71 17.98 For H2

1500 rpm 210.05 74.33 52.2 44.71 16.75

2000 rpm 373.39 73.83 51.7 44.71 15.63
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Date

Soil

19/5/ 98

13 % Indian head till
HI

H2
2nd ring
4th ring

Speed Time HI sample H2 sample Rotn time HI Pstone H2 Pstone Comments

weight weight weight weight

o rpm 9.30 am 77.46 77.4 o hrs 112.68 229.42
300 rpm 11.30 am 77 76.37 2 hrs *** ***

500 rpm 1.30 pm 75.72 75.13 2 hrs *** ***

1000 rpm 3.30 pm 74.55 74.34 2 hrs *** ***

1500 rpm 5.30 pm 73.57 73.72 2 hrs *** ***

2000 rpm 7.30 pm 73.05 73.17 2 hrs 102.35 200.65

Dry wt 66.25 66.25

Analysis of results for 2 nd 13% ( compacted )Indian head till test specimens

Speed Suction Sample wt Net wet wt Net dry wt w / c Comments
at eqbl

o rpm 0 77.46 56.15 44.94 24.94 For HI ( Net wt = Sample wt at eqbl -

300 rpm 6.04 77 55.69 44.94 23.92 (ring+AI foil + filter paper))
500 rpm 16.69 75.72 54.41 44.94 21.07
1000 rpm 67.11 74.55 53.24 44.94 18.46
1500 rpm 151.16 73.57 52.26 44.94 16.28
2000 rpm 268.71 73.05 51.74 44.94 15.13

o rpm 0 77.4 56.22 45.07 24.73
300 rpm 10.51 76.37 55.19 45.07 22.45
500 rpm 29.06 75.13 53.95 45.07 19.7
1000 rpm 116.8 74.34 53.16 45.07 17.95 For H2
1500 rpm 263.15 73.72 52.54 45.07 16.57
2000 rpm 467.78 73.17 51.99 45.07 15.35
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Date

Soil

6/5/98
10.3% Indian head till

HI

H2

1 st ring
3 rd ring

Speed Time HI sample H2 sample Rotn time HI Pstone H2 Pstone Comments

weight weight weight weight

o rpm 12.30 pm 77.\3 76.91 o hrs 47.5 I 175.89
300 rpm 2.30 pm 76.21 76.12 2 hrs *** ***

500 rpm 4.30 pm 75.69 75.55 2 hrs *** ***

1000 rpm 6.30 pm 74.9 74.54 2 hrs *** ***

1500 rpm 8.30 pm 74 73.94 2 hrs *** ***

2000 rpm 10.30 pm 73.15 73.48 2 hrs 45.52 156.61

Drywt 65.9 66.33

Analysis of results for 1 st 16.3 % ( compacted )Indian head till test specimens

Speed Suction Sample wt Net wet wt Net dry wt w / c Comments
at eqbl

o rpm 0 77.13 55.81 44.58 25.19 For HI ( Net wt = Sample wt at eqbl -

300 rpm 3.47 76.21 54.89 44.58 23.12 (ring+AI foil + filter paper»
500 rpm 9.59 75.69 54.37 44.58 21.96
1000 rpm 38.56 74.9 53.58 44.58 20.18
1500 rpm 86.85 74 52.68 44.58 18.16
2000 rpm 154.39 73.15 51.83 44.58 16.26

o rpm 0 76.91 56.41 45.83 23.08
300 rpm 8.38 76.12 55.62 45.83 21.36
500 rpm 23.18 75.55 55.05 45.83 20.11
1000 rpm 93.26 74.54 54.04 45.83 17.91 For H2
1500 rpm 210.05 73.94 53.44 45.83 16.6
2000 rpm 373.39 73.48 52.98 45.83 15.6
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Date 13/598

Soil 16.3% Indian head till
HI

H2

2 nd ring
4 th ring

Speed Time HI sample H2 sample Rotn time HI Pstone H2 Pstone Comments

weight weight weight weight

o rpm 10:00 AM 78.52 78.62 o hrs 115.65 235.07
300 rpm 1.30 pm 77.12 76.98 3.5 hrs
500 rpm 5:00 PM 75.99 75.81 3.5 hrs
1000 rpm 8.30 pm 74.9 74.78 3.5 hrs
2000 rpm 12:00 AM 73.54 73.72 3.5 hrs

Orywt 49.48 49.64

Analysis of results for 2 nd 16.3 % ( compacted )Indian head till test specimens

Speed Suction Sample wt Net wet wt Net dry wt w / c Comments
at eqbl

o rpm 0 78.52 57.21 45.2 26.57 For HI ( Net wt = Sample wt at eqbl -

300 rpm 6.04 77.12 55.81 45.2 23.47 (ring+AI foil + filter paper»
500 rpm 16.69 75.99 54.68 45.2 20.97
1000 rpm 67.11 74.9 53.59 45.2 18.56
2000 rpm 268.71 73.54 52.23 45.2 15.55

o rpm 0 78.62 57.44 45.34 26.68
300 rpm 10.51 76.98 55.8 45.34 23.07
500 rpm 29.06 75.81 54.63 45.34 20.48
1000 rpm 116.84 74.78 53.6 45.34 18.21 For H2
2000 rpm 467.78 73.72 52.54 45.34 15.8
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Date 21/5/98

Soil 19.2 % Indian head till

HI

H2

1st ring
3 rd ring

Speed Time HI sample H2 sample Rotn time HI Pstone H2 Pstone Comments

weight weight weight weight

o rpm 10:00 AM 76.63 78 o hrs 51.91 171.5
300 rpm 12:00 PM 76.44 77.29 2 hrs *** ***

500 rpm 2:00 PM 75.7 76.65 2 hrs *** ***

1000 rpm 5:00 PM 74.63 75.64 3 hrs *** ***

1500 rpm 6.30 pm 73.86 75.18 1.5 hrs *** *** Soil loss while spinning at 1500 and 2000 rpm
2000 rpm 9:00 PM 72.92 74.5 2.5 hrs 50 152.04

Dry wt 65.61 67.05

Analysis of results for I st 19.2 % (compacted )Indian head till test specimens

Speed Suction Sample wt Net wet wt Net dry wt w / c Comments
at eqbl

o rpm 0 76.63 55.79 44.77 24.61 For HI ( Net wt = Sample wt at eqbl -

300 rpm 3.47 76.44 55.6 44.77 24.19 (ring+Al foil + filter paper»
500 rpm 9.59 75.7 54.86 44.77 22.53
1000 rpm 38.56 74.63 53.79 44.77 20.14
1500 rpm 86.85 73.86 53.02 44.77 18.42
2000 rpm 154.39 72.92 52.08 44.77 16.32

o rpm 0 78 55.87 44.92 24.37
300 rpm 8.38 77.29 55.16 44.92 22.79
500 rpm 23.18 76.65 54.52 44.92 21.37

1000 rpm 93.26 75.64 53.51 44.92 19.12 For H2
1500 rpm 210.05 75.18 53.05 44.92 18.09
2000 rpm 373.39 74.5 52.37 44.92 16.58
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Date 24/5/98
Soil 19.2 % Indian head till

HI

H2

2nd ring
4th ring

Speed Time HI sample H2 sample Rotn time HI Pstone H2 Pstone Comments

weight weight weight weight

o rpm 1:00 PM 77.78 78.06 o hrs 112.07 228.82
300 rpm 3.30 pm 76.98 76.95 2.5 hrs *** ***

500 rpm 5.15 pm 76.39 76.22 1.45 hrs *** ***

1000 rpm 7:00 PM 75.48 75.46 1.45 hrs *** ***

1500 rpm 9:00 PM 74.54 74.86 2 hrs *** ***

2000 rpm 12:00 AM 73.62 74.09 3 hrs 102.22 199.96

Drywt 66.65 66.6

Analysis of results for 2 nd 19.2 % (compacted )Indian head till test specimens

Speed Suction Sample wt Net wet wt Net dry wt w / c Comments
at eqbl

o rpm 0 77.78 56.45 45.32 24.55 For HI ( Net wt = Sample wt at eqbl -

300 rpm 6.04 76.98 55.65 45.32 22.79 (ring+AI foil + filter paper»
500 rpm 16.69 76.39 55.06 45.32 21.49
1000 rpm 67.11 75.48 54.15 45.32 19.48
1500 rpm 151.16 74.54 53.21 45.32 17.4
2000 rpm 268.71 73.62 52.29 45.32 15.38

o rpm 0 78.06 56.87 45.41 25.23
300 rpm 10.51 76.95 55.76 45.41 22.79
500 rpm 29.06 76.22 55.03 45.41 21.18
1000 rpm 116.8 75.46 54.27 45.41 19.51 For H2
1500 rpm 263.15 74.86 53.67 45.41 18.18
2000 rpm 467.78 74.09 52.9 45.41 16.49
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Date 30/5/98
Soil Silt specimens

HI

H2

I st ring
3 rd ring

Speed Time HI sample H2 sample Rotn time HI Pstone H2 Pstone Comments

weight weight weight weight

o rpm 3:00 PM 42.76 42.38 o hrs 54.02 167.8\
300 rpm 4:00 PM 42.04 40.9 Ihr *** ***

500 rpm 5:00 PM 41.78 40.15 1hr *** ***

1000 rpm 6:00 PM 41.08 39.36 I hr *** ***

1500 rpm 7:00 PM 39.09 37.97 Ihr *** ***

2000 rpm 8:00 PM 37.66 36.77 1 hr 52.34 152.71

Drywt 34.68 33.43

Analysis of results for 3 rd processed silt test specimens( compacted)

Speed Suction Sample wt Net wet wt Net dry wt wi c Comments
at eqbl

o rpm 0 42.76 38.79 30.71 26.31 For HI (Net wt = Sample wt at eqbl -

300 rpm 3.47 42.04 38.07 30.71 23.96 (ring+A1 foil + filter paper»
500 rpm 9.59 41.78 37.81 30.71 23.12
1000 rpm 38.56 4l.08 37.11 30.71 20.84
1500 rpm 86.85 39.09 35.12 30.71 14.36 Some soil lost while testing at 1500 and 2000
2000 rpm 154.39 37.66 33.69 30.71 9.7 rpm so these low values

o rpm 0 42.38 40.28 31.33 28.56
300 rpm 8.38 40.9 38.8 31.33 23.84
500 rpm 23.18 40.15 38.05 31.33 21.44
1000 rpm 93.26 39.36 37.26 31.33 18.92 For H2
1500 rpm 210.05 37.97 35.87 31.33 14.49
2000 rpm 373.39 36.77 34.67 31.33 10.66

43



Date 2/6/98

Soil Silt specimens
HI

H2

2nd ring
4th ring

Speed Time HI sample H2 sample Rotn time HI Pstone H2 Pstone Comments

weight weight weight weight

o rpm 11.15 am 52.42 50.75 o hrs 110.65 226.12
300 rpm 12.15 pm 51.97 49.92 I hr 110.6 225.23
500 rpm 1.l5 pm 51.72 49.48 Ihr 110.22 223.11 Cfuge stopped due to imbalance
1000 rpm 2.15 pm 48.74 46.97 I hr 107.87 214.4
1500 rpm 3.15 pm 46.26 45.34 Ihr 105.15 206.88
2000 rpm 5.15 pm 45.16 43.78 2 hrs 102.01 202.4

Drywt 42.44 40.64

Analysis of results for 4th processed silt test specimens ( compacted)

Speed Suction Sample wt Net wet wt Net dry wt w / c Comments
at eqbl

o rpm 0 52.42 48.46 38.48 25.93 For HI ( Net wt = Sample wt at eqbl -

300 rpm 6.04 51.97 48.01 38.48 24.76 (ring+AI foil + filter paper»
500 rpm 16.69 51.72 47.76 38.48 24.11
1000 rpm 67.11 48.74 44.78 38.48 16.37
1500 rpm 151.16 46.26 42.3 38.48 9.92
2000 rpm 268.71 45.16 41.2 38.48 7.06

o rpm 0 50.75 48.67 38.56 26.21
300 rpm 10.51 49.92 47.84 38.56 24.06
500 rpm 29.06 49.48 47.4 38.56 22.92
1000 rpm 116.8 46.97 44.89 38.56 16.41 For H2
1500 rpm 263.15 45.34 43.26 38.56 12.18
2000 rpm 467.78 43.78 41.7 38.56 8.14
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APPENDIX F

TEST SERIES II DATA FOR REGINA CLAY SPECIMEN

(38% INITIAL WATER CONTENT)



Date 18/6/98 HI 1 st ring
Soil Regina ( 2 hrs ) H2 3rd ring

clay

Speed Time HI sample H2 sample Rotn time HI Pstone "2 Pstone Comments

weight weight weight weight

o rpm 10:00 AM 72.98 74.08 0 54.03 168.62

300 rpm 12:00 PM 71.96 72.52 2 53.99 168.31
500 rpm 2:00 PM 71.05 71.75 2 53.78 167.21
1000 rpm 4:00 PM 69.66 70.59 2 53.41 162.06

1500 rpm 6:00 PM 69.84 2 52.85 155.99
2000 rpm
2500 rpm
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Date 19/6/98 HI 2nd ring
Soil Regina ( 2 hrs ) H2 4th ring

clay

Speed Time HI sample H2 sample Rotn time HI Pstone H2 Pstone Comments

weight weight weight weight

o rpm 11:00 AM 71.86 73.11 0 110.65 225.97 500 rpm speed skipped as the suction range was

300 rpm 1:00PM 70.87 71.7 2 109.87 224.71 quite close to 300 rpm speed
1000 rpm 3:00 PM 69.05 70.06 2 108.48 215.67
1500 rpm 5:00 PM 68.15 69.22 2 105.82 206.15
2000 rpm 7:00 PM 67.54 68.67 2 102.66 202.69 stopped
2500 rpm 9:00 PM **** **** **** **** ****

Dryweight 54.36 55.57

Analysis of results for 2nd Regina Clay test specimens

Speed Suction Sample wt Net wet wt Net dry wt w / c Comments
at eqbl

0 0 71.86 51.4 33.9 51.62 For HI ( Net wt = Sample wt at eqbl -

300 6.04 70.87 50.41 33.9 48.7 (ring+AI foil + filter paper»
1000 67.11 69.05 48.59 33.9 43.33
1500 151.16 68.15 47.69 33.9 40.67
2000 268.71 67.54 47.08 33.9 38.87

0 0 73.11 51.5 33.96 51.64
300 10.51 71.7 50.09 33.96 47.49 For H2
1000 116.8 70.06 48.45 33.96 42.66
1500 263.15 69.22 47.61 33.96 40.19
2000 467.78 68.67 47.06 33.96 38.57
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Date 26/6/98 HI 1st ring
Soil Regina ( 4 hrs ) H2 3rd ring

clay

Speed Time HI sample H2 sample Rotn time HI Pstone H2 Pstone Comments

weight weight weight weight

o rpm 10:00 AM 73.82 74.43 0 53 166.21
300 rpm 2:00 PM 72.22 72.16 4 52.66 165.38
500 rpm 6:00 PM 71.56 71.24 4 52.66 164.75
1000 rpm 10:00 PM 70.2 70.03 4 52.58 160.12
1500 rpm 2:00 AM 68.98 69.13 4 52.15 155.22

2000 rpm 9.30 am 67.76 67.85 7.5 51.89 150.6

Drywt 55.46 56.26

Analysis of results for 3rd Regina Clay test specimens

Speed Suction Sample wt Net wet wt Net dry wt w / c Comments
at eqbl

0 0 73.82 52.17 33.81 54.3 For HI ( Net wt = Sample wt at eqbl -

300 3.47 72.22 50.57 33.81 49.57 (ring+AI foil + filter paper»
500 9.59 71.56 49.91 33.81 47.62
1000 38.56 70.2 48.55 33.81 43.6
1500 86.85 68.98 47.33 33.81 39.99
2000 154.39 67.76 46.11 33.81 36.38

0 0 74.43 52.29 34.15 53.12
300 8.38 72.16 50.02 34.15 46.47
500 23.18 71.24 49.1 34.15 43.78

1000 93.26 70.03 47.89 34.15 40.23 For H2
1500 210.05 69.13 46.99 34.15 37.6
2000 373.39 67.85 45.71 34.15 33.85
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Date 30/6/98 HI 2nd ring
Soil Regina ( 6 hrs + 2 hrs >> ) H2 4th ring

clay

Speed Time HI sample H2 sample Rotn time HI Pstone H2 Pstone Comments

weight weight weight weight

o rpm 10.30 am 72.64 73.84 o hrs 108.46 223.5 Speed » so time » by 2 hrs
1000 rpm 4.30 pm 68.77 69.17 6 hrs 107.42 214.06
2000 rpm 12.30 am 66.36 67.24 8 hrs 101.2 199.94
2500 rpm 10.30 am 65.08 65.89 10 hrs 99.81 194.26

Drywt 54.31 55.42

Analysis of results for 4th Regina Clay test specimens

Speed Suction Sample wt Net wet wt Net dry wt w / c Comments
at eqbl

0 0 72.64 52.09 33.76 54.3
1000 67.11 68.77 48.22 33.76 42.83
2000 268.71 66.36 45.81 33.76 35.7
2500 420 65.08 44.53 33.76 31.9

0 0 73.84 52.33 33.91 54.32
1000 116.8 69.17 47.66 33.91 40.55
2000 467.78 67.24 45.73 33.91 34.85
2500 731.15 65.89 44.38 33.91 30.87

For HI ( Net wt = Sample wt at eqbl -

(ring+AI foil + filter paper»

For H2
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APPENDIXG

CERAMIC CYLINDERS TEST DATA



Date 23/6/98

Soil Ceramics

HI

H2

cl5

c45

Speed Time HI Pstone H2 Pstone Rotn time Comments

weight weight

o rpm II:OOAM 53.68 167.53 2 hrs
300 rpm 1:00 PM 53.3 167.07 2 hrs
500 rpm 3:00 PM 53.18 166.49 2 hrs
1000 rpm 5:00 PM 52.92 162.45 2 hrs
1500 rpm 7:00 PM 52.62 156.7 2 hrs
2000 rpm 9:00 PM 52.27 152.42 2 hrs

Drywt 36.62 118

Analysis of results for ciS and c 45 ceramics

Speed Suction wet wt dry wt w / c Comments

For c 15

0 0 53.68 36.62 46.58 suction = ( top+centre+ bottom) / 3
300 1.39 53.3 36.62 45.55 of ceramic
1000 3.855 53.18 36.62 45.22
1500 15.5 52.92 36.62 44.51
2000 34.905 52.62 36.62 43.69
2500 62.05 52.27 36.62 42.74

0 0 167.53 118 41.97

300 4.125 167.07 118 41.58

1000 11.405 166.49 118 41.09 For c 45
1500 45.875 162.45 118 37.67
2000 103.33 156.7 118 32.8

2500 183.68 152.42 118 29.17
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Date 24/6/98

Soil Ceramics

HI

H2

c30

c60

Speed Time HI Pstone H2 Pstone Rotn time Comments

weight weight

o rpm 8.30 am 109.44 224.31 2 hrs

300 rpm 10.30 am 109.29 223.71 2 hrs
500 rpm 12.30 pm 108.83 222.19 2 hrs
1000 rpm 2.30 pm 108.17 215.02 2 hrs

1500 rpm 4.30 pm 105.04 206.4 2 hrs

2000 rpm 6.30 pm 101.6 199.99 2 hrs

Drywt 76.97 161.9

Analysis of results for cIS and c 45 ceramics

Speed Suction wet wt dry wt w / c Comments

For c 30

0 0 109.44 76.97 42.18 suction = ( top+centre+ bottom) /3
300 4.67 109.29 76.97 41.99 of ceramic

1000 12.92 108.83 76.97 41.39

1500 51.965 108.17 76.97 40.53

2000 117.04 105.04 76.97 36.47

2500 208.05 101.6 76.97 31.99

0 0 224.31 161.9 38.55

300 7.13 223.71 161.9 38.18

1000 19.705 222.19 161.9 37.24 For c 60
1500 79.27 215.02 161.9 32.81

2000 178.54 206.4 161.9 27.48

2500 317.38 199.99 161.9 23.52
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